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ABSTRACT 
We develop general guidelines for the rational design of both building blocks and 
interaction patterns of patchy colloids in liquid suspension, towards the long-term goal of 
developing the practical capability to make a colloidal structure, or any colloidal material, 
that is “assemblable”. Two levels of efforts are included in this thesis, first, the 
fabrication of patchy colloidal particles on demand, second, the observation and analysis 
of their self-assembly kinetics.  For the second part, we focus on three intertwining topics:  
phase diagram construction, kinetic pathway selection and external force modulation. A 
mixture of theoretical calculation, dynamic simulation, and experiments is shown to 
demonstrate proofs-of-concept.  We rely throughout on the capacity, in these colloidal 
systems, to resolve the motions of individual particles in suspension by optical 
microscope, this serving as the underpinning, unifying foundation. 
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CHAPTER 1 
SOLVENT-FREE SYNTHESIS OF JANUS COLLOIDAL 
PARTICLES 
Adapted with permission from Shan Jiang, Mitchell J. Schultz, Qian Chen, Jeffrey S. 
Moore, Steve Granick (2008) Sovlent-free synthesis of Janus colloidal particles, 
Langmuir, 24, 10073-10077. Copyright © 2008 American Chemical Society. 
 
1.1 Abstract 
Taking advantage of the quick and efficient access of vapor to surfaces, a simple, 
solvent-free method is demonstrated to synthesize Janus colloidal particles in large 
quantity and with high efficiency. First, at the liquid−liquid interface of emulsified 
molten wax and water, untreated silica particles adsorb and are frozen in place when the 
wax solidifies. The exposed surfaces of the immobilized particles are modified 
chemically by exposure to silane vapor and, in principle, subsequent dissolution of the 
wax opens up the inner particle surface for further chemical modification. Applying this 
scheme, this paper describes the production of amphiphilic Janus particles (hydrophobic 
on one side, hydrophilic on the other) and dipolar Janus particles (positively charged on 
one side, negatively charged on the other). Janus geometry is confirmed by fluorescence 
microscopy and flow cytometry. Amphiphilic Janus particles are found to adsorb strongly 
to the water−oil interface, whereas dipolar particles assemble into chains in the aqueous 
phase. 
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1.2 Background 
Janus particles, whose surface chemical composition differs on two sides (“Janus” as 
suggested by de Gennes(1)), are of emerging interest from various scientific and 
applications standpoints. It has been demonstrated that Janus particles can introduce 
asymmetric interactions that induce particles to self-assemble (2). These self-assembled 
structures differ from the structures formed by homogeneous particles and can be used as 
potential building blocks for novel three-dimensional structures (3). Indeed, the assembly 
of larger (non-Brownian) objects has already been implemented (4). It has also been 
predicted that Janus particles with well-defined geometry will better stabilize water−oil 
emulsions than homogeneous particles (5).  
The novelty of this paper, to produce Janus particles efficiently and in large quantity, 
improves upon solvent-based methods reported recently in this laboratory (6). In the 
current state of the art, the most common method to synthesize Janus particles is to 
selectively modify homogeneous precursor particles through a protect-and-release 
process (7). Most endeavors of this kind have employed planar solid substrates as 
protecting surfaces, onto which particles are first placed as a monolayer. The side of the 
particle that faces the substrate is protected from modification, and the other side is 
modified chemically. Sputtering (8) and stamp coating (9) have been used to modify the 
unprotected side of these monolayer surfaces. These approaches offer good control over 
the surface area that sustains chemical modification, but only a few milligrams of Janus 
particles are produced in one batch. To produce larger quantities, elegant microfluidic 
approaches have been used; however, the particle size at present is limited to 10 µm or 
larger in diameter (10). In another recent development, Janus particles in the micron to 
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submicron size range were successfully synthesized by electrodynamic jetting; however, 
the size distribution was relatively broad (11).  
To overcome these limitations, chemical modification of particles at liquid−liquid 
interfaces has been reported (12). In order to prohibit rotation of particles during 
chemical modification, a Langmuir−Blodgett (LB) trough has been used to compress 
particles adsorbed at an interface into a close-packed monolayer; Janus particles of 
nanometer size were successfully synthesized using this method. However, the use of a 
monolayer that is confined by an LB trough limited the quantity. One way to generate a 
large amount of interface within a small volume is emulsification, given the fact that 
particles generally adsorb tightly to water−oil interfaces (13). Recent attempts (14) to 
take this strategy have had to contend with rotation and wobbling of particles at the 
interface during chemical modification, which can smear the geometry of the Janus 
particles. Also, we note that selective surface modification using solvent-based methods 
is a delicate matter for two reasons. First, in order to ensure a Janus geometry, the 
reactants must remain in one sole phase. Second, because the areas of the particle 
exposed into the respective water and oil phases depend on the contact angle with these 
liquid phases, it is imperative that the contact angle does not change during the process of 
chemical modification. For these reasons, Janus particles with well defined geometry can 
only be obtained with very special chemical reactions. 
A recently reported strategy to overcome these issues is to work with solidified 
emulsions (6). First, silica particles are adsorbed to the liquid−liquid interface of an 
emulsion, molten paraffin wax having been selected as the oil phase. Then the emulsions 
are cooled to room temperature to “lock” particles at frozen wax−water interfaces, 
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preventing particle rotation. The resulting colloidosomes are sufficiently stable, 
mechanically and chemically, to be washed and modified chemically by reaction in 
solution. After chemical modification of the exposed side of the adsorbed particles, the 
wax can be dissolved in organic solvent, and the resulting particles can be further 
modified chemically. The final geometry of the Janus particles is determined by the 
contact angle of particle at the emulsion interface. The contact angle can be varied 
systematically by adding a cationic surfactant (15), since the surfactants will adsorb onto 
the negative silica particle surface, changing the effective surface hydrophobicity. 
However, these methods suffer from two limitations. First, it is found that the chemical 
modification of particles at the water−wax interface can cause a significant number of 
weakly attached particles to fall off the colloidosome, thereby lowering yield and 
potentially causing the product to be a mixture of Janus particles and unfunctionalized 
particles. Second, the experience of a generation of work with self-assembled monolayers 
(SAMs) on flat surfaces shows that using solvent-based methods to produce hydrophobic 
SAMs of high quality is a delicate matter, requiring strict attention to chemical protocol, 
and not easy to implement. 
Seeking to overcome these limitations, we have turned to chemical surface 
modification from the vapor phase. On physical grounds, we anticipated vapor deposition 
to have quick and efficient access to surfaces when solid spheres are packed close 
together, even though most previous use of vapor surface chemical modification involves 
monolithic flat surfaces (16). In this paper, we describe methods to implement this 
strategy, and present characterization of the resulting Janus particles. 
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1.3 Results and discussions 
Vapor-Phase Deposition  
In order for this strategy to succeed, it must be implemented at ambient temperature 
since heat would melt the solidified wax. To test what types of monomers can be 
deposited effectively at room temperature, we began by forming monolayers on Si (100) 
surfaces. A simple, homemade setup was designed as shown in Fig. 1.1. Dry nitrogen or 
argon gas was bubbled through liquid silane reagent at room temperature. The outlet of 
the bubbler was attached to a glass frit fitted with a small outlet needle to allow the gas to 
escape. A freshly cleaned and dried Si (100) wafer was placed facing down on the frit 
and exposed to the silane vapor. The contact angle change of oxidized Si (100) was 
monitored at various times to monitor the quality of the resulting self-assembled 
monolayer. 
Results from these screening experiments are summarized in Fig. 1.2. Contact angle 
is plotted against reaction time. For silanes with low boiling point― 
dichlorodimethylsilane (DCDMS, Tb = 70 °C), and amino-propyldimethylethoxysilane 
(APDMES, Tb = 78 °C)―the SAM formation occurred rapidly, within 10 min. Silane 
APDMES was used instead of the more common (3-aminopropyl)triethoxysilane (APS), 
because it is reported that APDMES forms the more perfect SAM on silicon wafers.(17) 
However, deposition was slower for silanes with higher boiling point, presumably owing 
to a combination of lower vapor pressure and lower surface mobility after adsorption to 
the silicon wafer. For octyltrichlorosilane (Tb = 233 °C at 731 mmHg), the deposition 
required approximately 1 h to saturate, and for octadecyltrichlorosilane (OTS, Tb = 
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223 °C at 10 mmHg), the deposition proceeded even more slowly. Among the methyl-
terminated silane reagents, only SAMs formed from DCDMS produced the contact angle 
of 100°, which agrees well with the contact angle of surface modified by the solvent-
based method (18). When these modified silicon wafers were ultrasonicated in acetone 
for 30 min, no change in the contact angle was observed, thus confirming that the silanes 
were chemically bonded to the surface. 
Extending these experiments to the chemical surface modification of silica spheres 
embedded within wax colloidosomes, we focused on those silanes that were most 
effective in the screening experiments in Fig. 1.2: DCDMS and APDMES. Performing 
this same deposition on the colloidosome is envisioned to result in the formation of a 
Janus particle that should act as a colloidal surfactant: hydrophilic on the wax side owing 
to native silanol groups, and hydrophobic on the other side owing to deposition of the 
hydrophobic SAM. On the other hand, the deposition of APDMES would result in a 
Janus particle that is dipolar: anionic on the wax side owing to native silanol groups on 
the silica, cationic on the other side owing to deposition of the amine-terminated SAM. 
These types of particles could have interesting self-assembly behavior (2).  
The improved findings from vapor-phase deposition, as compared to the solvent-
based deposition reported earlier from this laboratory (15), became clear from 
comparisons of scanning electron microscopy (SEM) images. In Fig.1.3, the close-
packed coverage of particles on the wax colloidosome surface before surface chemical 
modification (panel a) was severely disturbed by solvent-based surface chemical 
modification, which caused many particles to be swept off the colloidosome (panel b). It 
is possible to remove these detached particles, but to do so requires multiple filtration and 
7 
 
further rinsing, which further lowers the efficiency of this method. In contrast, after 
vapor-phase deposition, nearly all particles remain on the wax colloidosome surface 
(panel c). 
In fairness, we note that efficacy of the solvent-based chemical modification can be 
improved in two ways. First, the escape of particles can be alleviated by using wax with a 
higher melting point than the relatively low wax melting point (53−57 °C) selected for 
these experiments to highlight the versatility of the vapor-phase approach. Second, we 
find that the escape of particles can be alleviated by performing procedures at lower 
temperatures, as low as 0 °C, rather than ambient temperature. Nonetheless, under the 
optimal conditions, it is estimated that only 50% or less of particles originally on the wax 
colloidosome surface can survive solvent-based surface chemical modification. 
Testing the Efficacy of Janus Surface Chemical Modification to Produce 
Amphiphilic Particles  
In order to use single-particle fluorescence microscopy to determine whether Janus 
particles were successfully obtained, fluorescent dyes were attached to the native silanol 
groups of these silica particles following vapor-phase deposition after dissolving away 
the wax, using methods described in the Experimental Section. Silane APS was used as 
the linker instead of APDMES, since high surface density and other measures of 
monolayer quality are not relevant for the efficacy of fluorescence labeling. To the extent 
that selective chemical surface modification had been successful, fluorescent dyes in 
these experiments should selectively bind only to the limited portion of the particle, 
previously embedded within the wax, which had been protected from vapor-phase surface 
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chemical modification. A typical epifluorescence image of the resulting particles is 
illustrated in Fig. 1.4; statistical analysis of this and other images shows that more than 
90% of the particles possessed the desired Janus geometry. While it is true that, in Fig. 
1.4, some of the particles appear to display high fluorescence at more than the expected 
single location on a given bead, this is believed to be an artifact resulting from the 
internal reflection of light from the backside of these beads, since silica particles are 
translucent at the green (532 nm) laser wavelength used to acquire these images. 
Flow cytometry, a high-throughput technique commonly used in biology to analyze 
cells (19), is readily adapted to test the purity of Janus particles whose diameter exceeds 1 
µm. In this characterization approach, using hydrodynamic flow in the usual flow 
cytometry manner, the particles traverse a laser focus one-by-one, and the histogram of 
fluorescence intensity is recorded automatically. As shown in Fig. 1.5 (left panel), a 
single peak was obtained when putative amphiphilic particles were tested. This indicates 
that nearly all particles indeed possessed a uniform Janus geometry since a mixture with 
unfunctionalized particles or particles with different Janus geometry would have 
produced additional fluorescence peaks. 
It is natural to expect that the larger the area of the particle protected by wax, the 
higher should be the average fluorescence intensity, but the flow cytometry technique 
proved to be insufficiently quantitative to test this directly. In investigating this question, 
first the wax-protected area was calculated from the depth at which the particles were 
embedded within the wax colloidosomes. This is readily calculated, as described in detail 
elsewhere (15), from examining in SEM images the size of holes in the wax left by 
escaped particles. In Fig. 1.5 (right panel), the fluorescence intensity is plotted against 
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protected area, which is the area available to be coated by fluorescent dye. One sees that 
the relationship is not strictly linear in spite of a general trend toward higher fluorescence 
intensity, the higher the area available to be coated by dye. The fluorescence intensity can 
be affected by many additional factors, such as rotation of the particles during data 
acquisition, photo bleaching of the dye molecules, and especially the labeling efficiency, 
but a quantitative analysis is not offered at this time. 
For smaller particles, too small to resolve optically using epifluorescence imaging or 
flow cytometry, we resorted to the less direct approach of simply observing where they 
segregated after being dispersed in a mixture of water and toluene. It was found that 
unmodified silica particles dispersed well only in the water phase, as expected since their 
surface silanol groups render them hydrophilic (Fig. 1.6, left vial). Particles modified 
using DCDMS were found to disperse well only into the toluene phase (Fig. 1.6, right 
vial), as expected if chemical surface modification had rendered them to be hydrophobic. 
However, DCDMS-coated Janus particles adsorbed strongly along the water/toluene 
interface (Fig. 1.6, middle vial). This provides evidence that Janus geometry were 
achieved by vapor phase deposition for particles as small as 500 nm. 
Testing the Efficacy of Janus Surface Chemical Modification to Produce Dipolar 
Particles  
Dipolar particles, positively charged on one side and negatively charged on the other, 
self-assemble into clusters when they are dispersed in aqueous medium. This laboratory 
had reported an earlier experimental study of this phenomenon but, as it was limited in 
scope by the small quantity of particles that could be prepared using the monolayer-based 
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synthesis, used in that study, of the needed Janus geometry (2). To synthesize large 
quantities of samples is of evident interest. 
The emulsion-based methods presented in this paper were adapted to this purpose. 
The synthesis was accomplished using APDMES in the setup described in Fig. 1.1. After 
dissolving the wax and washing it away, the resulting Janus particles, dispersed in 
deionized water, were observed to self-assemble into chains (Fig. 1.7). The chain length 
varies from three to eight particles. Interestingly, although these chain structures 
sedimented to the bottom of the hydrophobic sample cell, they were not fixed to it, but 
instead were observed to swim and change their conformation under the microscope, as 
illustrated in Fig. 1.7c. The probable mechanism of self-assembly, sketched in Fig. 1.7d, 
is head-to-tail assembly of positively and negatively charged regions of the particles, but 
quantitative analysis of self-assembly behavior is not the focus of this paper. Whether 
clusters form as we reported previously, or strings form as found in the present 
experiments, appears to depend on the Janus balance, in this instance on the relative 
charge on the two sides of the particles. 
 
1.4 Conclusions 
A simple and effective method to synthesize Janus colloidal particles with different 
geometry in large quantity has been demonstrated. The key step is to modify the exposed 
area of silica particles on wax colloidosome surface by silane vapor deposition. Looking 
to the future, this method can be easily adapted to versatile chemistry. More specific 
interaction can be introduced to the Janus particles, i.e., DNA chains can be grafted via 
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the amino group on the positive charged side on the dipolar Janus particles. The method 
also provides the essential preparation for the systematical study of the self-assembly of 
Janus particles in the bulk and interface and emulsions stabilized by Janus particles. 
 
1.5 Materials and methods 
Chemicals  
Monodisperse silica spheres from different vendors were used. Particles larger than 1 
µm in diameter were purchased from Tokuyama, Japan and used as received. Since these 
particles were synthesized by the Stöber method, their surfaces were fully covered by 
silanol groups. Particles 500 nm in diameter were purchased from Fiber Optic Center, 
Inc., U.S.A. These particles were pretreated by Pirahna solution in order to fully clean 
and activate the particle surface. Paraffin wax with melting point ranging from 53 to 
57 °C was purchased from Aldrich. OTS (90%), didodecyldimethylammonium bromide 
(DDAB, 98%), (3-aminopropyl)dimethylethoxysilane (APMES), APS (99%), DCDMS 
(99.5%), and octyltrichlorosilane (97%) were purchased from Aldrich and used without 
further purification. To produce fluorescent-labeled APS, rhodamine B isothiocyanate 
(RITC) or fluorescein isothiocyanate isomer (FITC) was attached to APS using a 
procedure described in the literature.(20) 
Synthesis of the Wax Colloidosome  
First, 1.5 g of silica spheres 3 µm in diameter (0.3 g for silica particles 500 nm in 
diameter) were dispersed in 9 g of paraffin wax at 75 °C by stirring. The wax suspension 
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was then mixed with 22.5 mL of DDAB water solution with concentration varying from 
0.01 to 0.1 mg/mL. The mixture was stirred at 1500 rpm for 15 min to produce an 
emulsion and then cooled to room temperature, at which time the paraffin wax became 
solidified. The resulting solidified emulsions were then washed with a 0.1 M solution of 
NaCl(aq) followed by deionized water to remove unattached or weakly attached particles. 
The colloidosomes were then dried under vacuum (1 mmHg) for 2 days. 
Vapor Deposition  
The setup of the vapor deposition is shown in Fig. 1.1. Dry nitrogen or argon was 
bubbled through ca. 5 mL of silane for 30 min. This results in the silane vapor being 
carried through the frit that supports the colloidosome. In order to encourage 
homogeneous surface chemical modification, the funnel was gently rolled every 5−10 
min to move colloidosomes around. The bubble speed was chosen as ca. 2−3 bubbles/s. 
After exposure to the silane vapor for the needed time, a dry nitrogen flow was passed 
through the frit colloidosome for ca. 30 min to blow away any residual silane vapor. 
After the reaction, to release the modified silica particles from the colloidosomes, the 
wax was dissolved in chloroform at room temperature. Particles were then washed with 
300 mL of ethanol by 10 cycles of centrifuging and redispersing. 
Characterization  
SEM (JEOL6060 LV) was used to image the colloidosome in the Center for 
Microanalysis of Materials in the Seitz Materials Research Laboratory at the University 
of Illinois. Prior to imaging, a thin layer (15 nm) of gold was evaporated onto the 
colloidosomes to render them electrically conductive, thus avoiding surface charging 
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under the electron beam. By measuring the size of voids left by particles that escaped 
from the wax surface during the processing steps, the three-phase contact angle was 
determined using methods described previously (15).  
To label particles for fluorescence imaging, 108 particles were dispersed in 5 mL of 
ethanol solution containing 1 mM APS−FITC or APS−RITC. The reaction proceeded for 
30 min under ultrasonication. 
For epifluorescence imaging, the home-built optics employed a Zeiss Axiovert 200 
microscope. A Nd:YAG laser (532 nm) was focused at the back focal point of a 63× air 
objective. The fluorescence images were collected using this same objective and recorded 
using an electron multiplying CCD camera (Andor iXon) after filtering out light from the 
excitation laser. Images of particle rotation were recorded with an exposure time of 0.05 s 
for 800 frames. APS−RITC-labeled particles were used in this experiment. 
Flow cytometry measurement was used to measure the histograms of the fluorescence 
intensity, using the commercial BD LSR II system located in the Carver Biotechnology 
Center at the University of Illinois. In a typical experiment, particles were dispersed in 
aqueous solution at the concentration of ca. 10 mg/mL. The small fraction of dimers 
formed by self-assembly was filtered out by the software provided with the equipment 
and was not included in the analysis. APS−FITC labeled particles were used in this 
experiment to give fluorescence under laser excitation at 488 nm. 
In the observation of self-assembly of dipolar particles, dipolar particles immediately 
adsorb tightly onto untreated glass because of the electrostatic attraction between 
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opposite charges. To avoid this, the glass sample cell was rendered hydrophobic using 
DCDMS. 
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1.7 Figures 
 
 
Figure 1.1 
Schematic plot of the setup for vapor deposition of reagent to closely packed silica 
spheres attached to wax colloidosomes. The flow of dry argon or nitrogen brings the 
silane vapor in contact with the colloidosome, which is placed over a glass frit and gently 
rolled every 5−10 min. In this way the exposed surface of particles is modified 
chemically without the use of solvent. 
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Figure 1.2 
Schematic plot of the setup for vapor deposition of reagent to closely packed silica 
spheres attached to wax colloidosomes. The flow of dry argon or nitrogen brings the 
silane vapor in contact with the colloidosome, which is placed over a glass frit and gently 
rolled every 5−10 min. In this way the exposed surface of particles is modified 
chemically without the use of solvent. 
  
20 
 
 
Figure 1.3 
SEM images of colloidosomes: (a) before chemical modification; (b) modified to be 
hydrophobic using solvent-based methods described elsewhere; (15) (c) modified to be 
hydrophobic using vapor-phase deposition using the method described in Figure 1.1. 
Surface modifications were performed at room temperature using wax whose melting 
point (see Experimental Section) was 53−57 °C. Particle diameter is 2 μm. Scale bar is 10 
μm. 
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Figure 1.4 
An illustrative epifluorescence image of silica particles that, following vapor-phase 
surface chemical modification with DCDMS, were removed from the wax by dissolving 
the wax, and to whose native silanol groups a fluorescent dye was attached. To the extent 
that selective chemical surface modification had been successful, fluorescence should 
come from the portion of the particle, previously embedded within the wax, which had 
been protected from vapor-phase surface chemical modification. The image contrast has 
been tuned to highlight the Janus geometry. Particle diameter is 3 μm. 
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Figure 1.5 
Histogram of fluorescent intensity measured by flow cytometry when the area coated by 
fluorescent dye was varied. Left panel: peaks from left to right show relative fluorescence 
intensity for homogeneously hydrophobic particles (black), Janus particles with 15% 
protected area (red), Janus particles with 17% protected (navy), Janus particles with 25% 
protected area (green) and homogeneously hydrophilic particles (blue). Right panel: 
testing linearity between fluorescence intensity and the protected area. 
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Figure 1.6 
Unmodified, Janus, and fully modified silica particles dispersed in a mixture of water and 
toluene. The unmodified particles partitioned into the water phase (left panel), and the 
homogeneously hydrophobic particles partitioned into the toluene phase (right panel). 
Amphiphilic Janus particles quickly adsorbed at the water−toluene interface and would 
not disperse well into either water or toluene phase (middle panel). Particle diameter is 
500 nm. 
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Figure 1.7 
Phase contrast microscope images of dipolar particles self-assembled in deionized water 
and sedimented to the bottom of a hydrophobic sample cell. (a) Particles self-assemble 
into chains, commonly consisting of three to five particles. (b) Occasionally, particles 
assemble into longer chains consisting of 6−8 particles. (c) These chain structures, 
although sedimented to the bottom of the sample cell, change conformations by 
Brownian motion. (d) Cartoon showing the probable mechanism of self-assembly by 
head-to-tail aggregation of positive and negative charged regions. Particle diameter: 1 µm.  
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CHAPTER 2  
SUPRACOLLOIDAL REACTION KINETICS OF JANUS 
SPHERES  
Adapted with permission from Qian Chen, Jonathan K. Whitmer, Shan Jiang, Sung Chul 
Bae, Erik Luijten, Steve Granick (2011) Supracolloidal reaction kinetics of Janus spheres, 
Science, 331, 199-202. Copyright © 2011 American Association for the Advancement of 
Science. 
 
2.1 Abstract 
Clusters in the form of aggregates of a small number of elemental units display 
structural, thermodynamic, and dynamic properties different from bulk materials.  Here 
we study the kinetic pathways of self-assembly of “Janus spheres” with hemispherical 
hydrophobic attraction and show key differences from those characteristic of molecular 
amphiphiles.  Experimental visualization combined with theory and molecular dynamics 
simulation shows that small, kinetically favored isomers fuse, before they equilibrate, 
into fibrilar triple helices with at most six nearest neighbors per particle. The time scales 
of colloidal rearrangement combined with the directional interactions resulting from 
Janus geometry make this a prototypical system to elucidate, on a mechanistic level and 
with single-particle kinetic resolution, how chemical anisotropy and reaction kinetics 
coordinate to generate highly ordered structures.  
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2.2 Background 
Clusters, an intermediate level of matter between building block (atom, molecule, 
or particle) and bulk phase, are found ubiquitously in nature and technology, for example 
in the nucleation of bulk phases (1), nanoparticles (2),
 
and protein aggregates in biology 
(3, 4). While structures that result from isotropic interactions between building blocks are 
well understood (5–8), it is more challenging to understand clusters formed from the 
common case of directional noncovalent interactions (9–17).  On this question, we note 
that for molecular amphiphiles, such as surfactants, phospholipids, and many block 
copolymers, the segregation of their polar and nonpolar portions is a major mechanism 
steering the spontaneous formation of microstructured mesophases with fascinating and 
useful structures (9–11). Similarly, colloidal particles, larger than molecules but small 
enough to sustain Brownian motion, also assemble into clusters owing to directional 
noncovalent interactions (12–17).  A largely unsolved problem is the question of 
commonality between these fields.  Therefore, combining amphiphilicity with colloidal 
rigidity, we study “Janus spheres” that are hydrophobic on one hemisphere, negatively 
charged on the other.  An earlier publication from this laboratory described some 
structures that these hybrid materials form (18).  Here we address the kinetics of self-
assembly at the single-particle level, showing that small, kinetically favored isomers join 
to form highly ordered but nonequilibrium large-scale structures. 
 
 
 
27 
 
2.3 Results and Discussions 
A critical design rule is that the range of interparticle interactions (hydrophobic 
attraction and electrostatic repulsion) be short relative to particle size and that the 
interactions be reversible. Clustering then favors densely packed structures with at most 
six nearest neighbors per particle—in contrast to the more open and less ordered 
structures formed by particles whose interaction range is larger (13). At very low salt 
concentration particles repel one another electrostatically, whereas at high salt 
concentrations van der Waals forces cause the particles to aggregate irreversibly (19).
  
Therefore, we consider intermediate concentrations of monovalent salt at which 
amphiphilic clusters self-assemble.   
First, we designed single, low-energy supracolloidal clusters:  tetrahedra, which 
are so highly symmetric that the 4 constituent particles are indistinguishable.  This 
required a Janus balance which allows at most 3 neighbors per particle.  On the 
experimental side, we controlled the area of hydrophobic domains by etching Au (20) and 
determined the surface area using SEM (scanning electron microscopy) images of dry 
particles.  The optimal Janus balance was determined (caption of Fig. 2.1) (21).  Fig. 2.1, 
a histogram of cluster size, demonstrates that nearly monodisperse tetrahedra resulted.  
While it is true that polydisperse clusters including tetrahedra can also be prepared by a 
top-down approach (5), the novel point here is that these monodisperse clusters were 
prepared by spontaneous self-assembly – so simply. In other experiments (not shown) we 
find that raising the salt concentration to the point that particles fall into the primary 
minimum of the DLVO theory locks them into place  
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However, increase in patch size allows such clusters to grow into larger 
assemblies, with two constraints:  First, particles must approach closely enough to 
experience hydrophobic attraction; second, the number of nearest neighbors must not 
exceed six.  For Janus particles whose hydrophobic domains are hemispheres, Fig. 2.2 
(panel A) displays pathways of reversible self-assembly, all of which we observe.  They 
form a complex network in which multiple cluster possibilities emanate from every point 
and, likewise, routes from every point can meet.  The hydrophobic patches lend 
significant orientational freedom to individual particles within the clusters. This promotes 
dynamical interconversion between clusters through three major mechanisms:  step-by-
step addition of individual particles, fusion of smaller clusters into a larger one, and 
isomerization.  The clusters in this regime, with a size range N=2–7, are similar to those 
formed in depletion-induced assembly of homogeneous particles (5), except that for 
homogeneous particles the clusters must be kept isolated to avoid further aggregation 
(Fig. 2.3).  Here, cluster aggregation is prevented by electrostatic repulsion between the 
charged surface regions, allowing clusters to live in close proximity without fusing.  
The ability to control the long-range repulsion makes it possible to switch on 
clustering at will by adding salt to Janus spheres in deionized water. We find that after 
the distribution of cluster sizes equilibrates (Fig. 2.4) their shapes continue to change.  
For example, the capped trigonal bipyramid (CTBP) shape with cluster size N=6 forms 
first, then gradually isomerizes to the more symmetric octahedral (OCT) shape (Fig. 2.2, 
panel B).  This kinetic data is consistent with a reversible first-order reaction with rate 
constants given in the figure caption.  In this system, OCT is more stable.  Nevertheless 
the CTBP isomer forms first, since growth proceeds via rotation of a particle in a feeder 
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cluster.  Particles located at the cluster ends have the largest rotational freedom and thus 
act as the points where additional particles join the cluster, causing elongated structures 
to form.  In a cluster, particles constantly jiggle about their mean positions; a process that 
has analogies to highly excited vibrational motion in molecules, where the vibrations 
occasionally cause collective rearrangements.  Molecular reaction dynamics occur on 
picosecond or faster time scales (22) whereas these colloidal transformations occur on the 
time scale of seconds and can be visualized one by one without ensemble averaging.  
Unlike micelles formed from molecules, whose predominant growth mechanism is 
through addition of monomers to pre-existing micelles (10), the rigid, spherical shape of 
these colloidal building blocks allows them to rotate without change of position such that 
clusters grow at their ends by fusing with other clusters.  A second difference is that, 
unlike molecular micelles whose fluidity encourages shape to equilibrate rapidly, these 
colloidal clusters possess definite configurations.  For the same number of particles in a 
cluster, there are distinctly different, long-lived shapes.   
A minor increase of the salt concentration to 5 mM reduces the electrostatic 
repulsion to permit the growth of striking helical structures (Fig. 2.5). Closer inspection 
shows these to be Boerdijk–Coxeter (BC) helices (23), sometimes called Bernal spirals.  
The formation and stability of helices per se is a consequence of the directionality of the 
pairwise interactions, which allows them to persist up to the highest particle 
concentrations (60% after sedimentation), unlike homogeneous particles, which at lower 
particle concentration form BC helices  that become unstable when the concentration is 
higher (6, 7).  
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All dense packings of spheres on a cylindrical surface have the same internal 
energy, since each sphere except those at the ends of the chain interacts with six nearest 
neighbors (4). This remains true for Janus spheres, provided that each hydrophobic side 
faces the corresponding hemispheres of all neighbors—a constraint that is satisfied in the 
very structures that arise from the anisotropic interaction. This is analogous to carbon 
nanotubes, whose variety of rolled structures result from the same threefold coordinated 
graphene sheet (24). Thus, the absence of helical structures other than the BC helix 
indicates that either entropic or kinetic effects matter here.  
To clarify the relative stability of a range of helical structures (4), we calculate 
their relative free energy as a function of Janus balance, taking into account the rotational 
entropy of individual Janus particles as well as vibrational modes; a related free-energy 
landscape is known for spheres with isotropic interactions (5).  As plotted in Fig. 2.6 A, 
the 3(0,1,1) helix is in fact thermodynamically favored over the BC helix by a modest 
amount;  here we use the notation proposed when this structure was identified (4). Strict 
quantitative correspondence to the experimental situation is not expected, as a full 
calculation including collective excitations and chain bending would be formidable to 
execute, but we can safely conclude that thermodynamically the BC helix is not strongly 
favored over the 3(0,1,1) helix (other tubular forms have a higher free energy). 
Instead, we believe that the BC helices are the observed structure up to the highest 
particle concentrations because they are selected by kinetics.  The preferred initial 
formation of capped trigonal bipyramidal N=6 isomers, the basic building block of the 
BC helix, rather than octahedral N=6 clusters, the basic unit of the 3(0,1,1) helix, causes 
the former helices to form first.  Subsequent transformation relaxation of a BC helix into 
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a 3(0,1,1) helix would require a massive collective change where, in the long-chain limit, 
one bond must be broken for every group of three spheres.  This metastability explains 
why 3(0,1,1) helices are never observed in the experiment.  We confirm the preferred 
formation of polytetrahedral over polyoctahedral clusters in molecular dynamics (MD) 
simulations, in particular at high attraction strengths where configurations tend to get 
trapped. Two further experimental observations strengthen this scenario.  Although stable 
against relaxation into a 3(0,1,1) helix, the BC helices occasionally display a spontaneous 
switch of handedness.  This is energetically slightly less costly, since only one bond 
needs to be broken for every four particles.  More important, the possible pathway for 
chirality switching is simpler. Both chirality switching and relaxation to the 3(0,1,1) helix 
require unfavorable intermediate structures in which one particle has seven nearest 
neighbors.  For the chirality switch, this pivotal particle has four bonds with reduced 
stability owing to large bond angles. If any of these bonds is broken, the chirality 
switching either proceeds or the chain returns to its original chirality. For the change 
from BC to 3(0,1,1), there are three bonds of reduced stability and breaking any of these 
interrupts the transition; instead, it is one of the stable bonds that needs to be broken for 
the change to proceed, which is comparatively harder (see illustrations in Fig. 2.7).  
Lastly, in both experiments (Fig. 2.6 B) and MD simulations (Fig. 2.6 C) we observe 
defects in which an N=7 cluster is incorporated into a helix, reconfirming the kinetically 
arrested state of these structures, even though individual constituent spheres display 
considerable mobility.  As expected for reversible self-assembly, these fibrilar clusters 
reform (heal) spontaneously after being torn apart by strong shear.  They also fuse with 
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one another through Brownian motion because the ends, which are most free to rotate, are 
more reactive than the middle.   
 
2.4 Conclusions 
The significance of this study is to call attention to the importance of kinetic 
selection when colloidal amphiphiles cluster.  Unlike the rapid shape equilibration of 
molecular amphiphiles, Janus spheres present transient isomeric structures whose lifetime 
is so long that before isomers equilibrate they fuse to form the stable, highly ordered 
nonequilibrium helices described here.  Their generalization to colloidal blocks of 
asymmetric shape (rods, ellipsoids, chains,…) presents an agenda for future work.  This 
work on a prototypical system offers a direction in which to look for the design of new 
reconfigurable materials from the interplay between equilibration time scale and packing 
allowed by orientation-specific attraction.   
 
2.5 Materials and Methods 
Experiments 
Fluorescent latex particles of sulfate polystyrene (1 μm in diameter, F-8851 from 
Invitrogen, Inc.) are made hydrophobic on one hemisphere through successive deposition 
of titanium (2nm) and gold (15 nm) thin films, onto which are formed self-assembled 
monolayers of n-octadecanethiol (Sigma-Aldrich).  This process produces spheres which 
are hydrophobic on one surface region and negatively charged elsewhere. Using 
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epifluorescence microscopy (63× air objective with a 1.6× or 2.5× post magnification, 
N.A. = 0.75), we track and identify each three-dimensional shape. This allows 
visualization of the cluster evolution. The experiments are performed at room 
temperature in water with additional salt (NaCl).  
Theoretical Methods  
The relative free energy of various helical structures (4) as a function of Janus 
balance is calculated by considering the orientational freedom of a single Janus particle. 
This particle i is taken to be far from the ends of a chain (as particles near the end have 
considerably more rotational freedom) and all its nearest neighbors j are fixed with their 
director perpendicular to the helical axis, their hydrophobic side facing inward. This is a 
plausible first approximation, since deviations of neighboring particles from their average 
orientation that would increase the rotational freedom of the central Janus sphere i would 
also decrease the rotational freedom of other Janus spheres in the helix. The central 
particle interacts only with its nearest neighbors j through an angular square well 
attraction, and only attractive orientations of the particle are permitted, i.e.,     ( ̂   
 ̂  )   . We compute the orientational entropy from a Monte Carlo integral over the 
corresponding rotational phase space. 
Collective distortions of the helix are the next correction to the free-energy 
difference between 3(0,1,1) and BC helices. We calculate the contribution of vibrational 
modes to this difference following the approach of Ref. 5, using a representative N = 24 
chain length. This involves obtaining the eigenvalues of the Hessian matrix of coordinate 
derivatives, which yield the spring constants and normal modes associated with each 
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structure (up to the six zero modes associated with overall translation and rotation). The 
vibrational partition function for each mode is then  
   ∫    
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  (1) 
yielding the free energy per particle,  
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.  (2) 
Here m ranges only over the rigid modes, which have nonzero spring constant λm. 
For nonrigid modes, the degrees of freedom must be integrated explicitly (5). Here this is 
unnecessary, as the two structures considered each have only rigid modes aside from 
global translation and rotation of the particle aggregate. The vibrational correction 
reduces the free-energy difference between the BC helix and the 3(0,1,1) helix, although 
the latter remains the thermodynamically favored state at α = 90°. The calculation is 
independent of interaction strength, as the internal energy of all conformations is 
identical; in reality a change in relative orientation of two Janus spheres may affect their 
pair energy even when their hydrophobic sides continue to face each other, e.g., because 
of the change in proximity of their charged hemispheres. This in turn results in spin-wave 
like modes, a correction that is not considered here. 
Simulation Methods 
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Molecular dynamics (MD) simulations are performed in the NVT ensemble. 
Particle positions, velocities, and angular velocities are updated through a velocity-Verlet 
scheme, where the particle orientations are updated by vector rotation rules. 
Thermalization is achieved through application of a Langevin thermostat to both the 
linear and angular degrees of freedom. The colloid mass is set by M, and the moment of 
inertia by I in accordance with a uniform density distribution within the particles. 
Energies are expressed in units of kBT, and lengths in units of the colloid diameter σ. 
The attraction is represented by a potential well of tunable range and strength, 
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 Where           
 
 
         
      
  
  (4) 
Here α is the angle determining the extent of the spherical cap (cf. main text), η sets the 
interaction range, and αtail is an angular parameter determining the rate at which the 
potential switches on and off. The angles θi are defined via the director and separation 
vectors as      ( ̂    ̂  ). The angular interaction [Eq. (4)] has been used in recent 
simulations of Janus nanoparticles (14) and is chosen to be smooth so that it is integrable 
in MD. Despite the four-dimensional nature of the true pair potential between Janus 
particles (23), the simplified potential [Eq. (3)] captures all aspects essential to the 
structural properties of Janus aggregates. The range η = 0.02 is chosen sufficiently small 
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to enforce contact interactions, disfavoring more loosely bound structures that will result 
for attraction ranges beyond η ≈ 0.05. The short interaction range requires a rather small 
time step MDt , which is chosen such that the conditions 
       √
 
   
 
  (5) 
And 
          √
 
   
 
  (6) 
are both satisfied. This ensures proper exploration of the attractive potential well in both 
the radial and tangential directions. A more stringent condition is that simulations of 
these conditions in the NVE ensemble do not experience significant energy drift. This was 
verified for a timestep of 4.6  10-5√       . The limited number of particles (N = 800) 
allows exploration of the system over prolonged periods. The attraction strength equals 
0.464043ε for η = 0.02, where ε is varied from 10     to 40    . The Janus balance is 
varied over the range 80
◦
 ≤ α ≤ 90◦. Attraction strengths of 9.28, 13.9, and 18.6 kBT are 
examined, with the tail angle chosen to be αtail = 0.25
◦
. Simulations proceed from an 
initially uniform dispersion of Janus particles in a cell of height 15σ that is replicated 
periodically in the x and y directions, whereas the top and bottom walls are represented 
by shifted-truncated Lennard-Jones potentials. The x and y dimensions are equal and 
chosen to yield a global volume fraction φ = 0.014. A gravitational force Mg = 0.54 
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      is imposed that causes the particles to sediment collectively while aggregating. 
After sedimentation, particles occupy a thin layer ≈ 2σ in height, yielding effective 
volume fractions which are increased accordingly (to 10% solid fraction for the systems 
studied). Structural images are obtained after more than 5 × 10
6
 time steps, i.e., more than 
100 diffusion times      
          . In the analysis, the number of tetrahedral Ntetra 
each particle occupies (Fig. 2.5 B) is obtained from the frames by checking the N-particle 
adjacency matrix of each cluster for four-particle subgraphs of the tetrahedral type. 
Figures depicting simulation data and helical structures were created using PyMOL (24). 
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2.7 Figures 
 
Figure 2.1  
Monodisperse tetrahedra, their hydrophobic parts pointing inwards to the geometric 
center of the tetrahedron to form a maximally hydrophobic core, assemble from particles 
in aqueous suspension with the Janus balance.  The inset shows that in these experiments, 
the hydrophobic patch is determined by α = 61.  These data were acquired by 
fluorescence microscopy after clusters sedimented to the bottom of a sample cell in 5 mM 
NaCl.  The histogram of cluster size distribution is plotted.   
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Figure 2.2 
Clusters formed from Janus spheres with one hydrophobic hemisphere.  Panel A:  
Network of reaction pathways, all of which we have observed in experiments at 3.8 mM 
NaCl.  Reaction mechanisms of monomer addition, cluster fusion, and isomerization are 
denoted by black, red, and blue arrows, respectively.  Isomers with N=6 and N=7 
elemental spheres are highlighted in boxes.  Panel B:  A study of isomerization between 
two types of N=6 clusters, the capped trigonal bipyramid (CTBP) and the octahedron 
(OCT). After initiating the cluster process by setting the NaCl concentration at 3.8 mM, 
the partition of Janus spheres between clusters of different size equilibrates after 20 min 
(see Fig. 2.3) but isomerization continues.  Once the total number of hexamers (black 
filled circles) has stabilized, isomerization (fraction of CTBP, blue open circles) is  
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(Fig. 2.2 continued) consistent with first-order reaction kinetics in time t, d[OCT]/dt = 
k1[CTBP] – k–1[OCT], time constant 34 minutes, k1/k–1 = 2.2, and k1= 0.02 min
−1
.  Here 
the calculation is based upon the ensemble behavior of many clusters among which 
individual ones can follow different reaction pathways.  
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Figure 2.3 
Clusters in the reaction network shown in Fig. 2.2 A. At 3.8 mM NaCl salt, stable small 
clusters are formed from Janus spheres. Tabulation shows number of particles in the 
cluster, cluster shape, and number of contacts between hydrophobic patches.  Note that 
per particle, the maximum allowed number of contacts is six. 
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Figure 2.4 
A study of isomerization and equilibration. Histogram of cluster sizes after initiating the 
cluster process by adding NaCl to 3.8 mM concentration, evaluated at 0 min (black), 3 
min (red), 22 min (blue), and 62 min (green), showing that the size distribution 
equilibrates after 20 min. Time t=0 is when salt is added.   
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Figure 2.5 
Triple helices formed at higher salt concentration and higher particle concentration.  
Panel A:  Geometrical representation of helix growth by face-sharing tetrahedra.  Panel 
B:  Comparison of a small chiral cluster (3.8 mM NaCl) and a longer helical cluster (5 
mM NaCl).  For both cases, fluorescence images of both right-handed and left-handed 
structures are shown.  Panel C:  Fluorescence image illustrating the stability of wormlike 
structures at high volume fraction.  
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Figure 2.6 
Consideration of alternative tubular packings and defective structures.  Panel A:  Free 
energy per particle as a function of Janus balance α, half the opening angle of the 
hydrophobic patch.  These tubular structures (4) are the 3(0,1,1) structure whose building 
block is the octahedral N=6 isomer (red squares); the BC helix whose building block is 
the capped trigonal bipyramidal N=6 isomer (blue triangles); also, for completeness, the 
4(0,1,1) (circles), the (1,3,4) (inverted triangles), and the 2(1,1,2) (diamonds) structures, 
which have a higher free energy at the experimental Janus balance (α = 90°).  Including 
vibrational entropy (5), the free-energy difference between the 3(0,1,1) and the BC helix 
is reduced by 0.19 kBT per particle for a representative chain length (N=24).  At α = 90° 
this reduces the total free-energy difference by a factor of two.  The insets show 
schematic structures of the 3(0,1,1) and the BC helix. Panel B:  Example of a kinked 
chain observed in experiments, in which an N=7 cluster structure intercalates the 
predominant BC helix. Panel C:  Similar structure, now with several intercalating N=7 
clusters, observed in molecular dynamics simulation. Particles are colored from white to 
blue depending on the number of tetrahedra in which they participate, Ntetra. 
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Figure 2.7 
Helical transformation pathway. The figure above illustrates the possible bond changes 
around the pivot points with seven nearest neighbors during a chirality [(a)–(e)] or 
helicity [(f)–(l)] switch. (a) Illustration of the four bonds (green) with reduced stability 
around a pivot point in a BC helix undergoing chirality change. [(b)–(e)] shows the 
resulting structures after we break one of the four unstable green bonds, in a clockwise 
manner from the bottom left respectively. In each case, the absence of one bond, leaving 
all other bonds intact, allows relaxation of the two parts originally bridged by the broken 
bond, until they are locked into place again by a newly formed bond.   The result is a 
propagation of chirality (either forward or backward) along the chain. (f) Illustration of a 
joint between a 3(0,1,1) helix and a BC helix, and the bond (yellow) which must be 
broken for the helicity change from BC helix to 3(0,1,1) to progress. (g) The structure 
after propagation the helicity change through breaking the yellow bond and twisting the 
two sides into the newly accessible structure. . (h) Illustration of the three bonds (yellow) 
with reduced stability around a pivot point in a 3(0,1,1) helix- BC helix joint. [(i)–(l)] 
Starting from the left-most and then in a clockwise manner, we break one yellow bond in 
each case and relax the structure into the new ones afforded by this freedom. None of 
these cases results in propagation of the new 3(0,1,1) symmetry. (i),(k) result in 
transformation of the octahedron into face-sharing tetrahedra, while (l) results in rotation 
of the pivot around the octahedron. All the structures shown in the figure are created 
using magnetic sticks (CMS Magnetics, Inc.). 
  
49 
 
CHAPTER 3 
JANUS SPHERES WITH TUNABLE VALENCY 
The contents of this chapter are based on a manuscript in preparation by Qian Chen, 
Sung Chul Bae, Steve Granick (2012). 
3.1 Abstract 
      Molecular assembly, the organization of atoms or functional groups by selective and 
directional bondings, is of central importance to the construction of structural and 
functional substances. The emulation of this process on different length and time scales, 
such as for colloidal particles, offers great promise for materials fabrication (1). The 
major challenge in this field here is still to balance between the adequate encoding of 
construction information into the topological and interactional pattern of building blocks, 
and the limited synthetic methods to synthesize such designed colloidal units.  While a 
long tradition of theoretical modeling (27) and several recent experimental observations 
(812) shows one plausible way to achieve molecular-mimic assembly is to use “patchy” 
particles, a successful high-throughput assembly of identified colloids into monodisperse 
structures has not yet been reported. Here, we use amphiphilic Janus spheres as a proof of 
concept model system to demonstrate their monodisperse assembly into tetrahedra, which 
is controlled by tuning their corresponding microscopic “valencies”.  
 
3.2 Background 
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Tetrahedra have been regarded attractive for the novel arrangements they can pack 
into (1314), as well as nonspherical diffusion objects (15). Their preparation is so far 
available only when ultracentrifugation is utilized to purify them from a distribution of 
colloidal clusters of different sizes (15). Meanwhile, being the simplest geometric shape 
in the family of platonic solids, tetrahedra is highly symmetric and can be decomposed 
into one singular structural unit: each sphere is equivalent with each other and invariant 
under particle permutation. This suggests the possibility to target the synthesis of 
monodisperse tetrahedra from a uniformly-designed colloidal component. 
Rational design of the building block involves the introduction of the colloidal 
“valency” analogous to that embodied in atoms or molecules, so that the coupling 
between neighboring particles, as well as their final arrangement can be predetermined. 
For example, particles in a tetrahedral can have a valency of three such that their 
attractive patchy surface can be sterically saturated with three contacts from neighbors. In 
our experiments, attractive patches are spread over a certain area of particle surface, 
sustaining as many bonds as the geometry allows. In other words, the control over this 
microscopic valency is achieved facilely from a gradual change in the attractive patch 
size. Note that the desired patch size predicted from a pure geometric concern is not 
necessarily the true practical size for the apparent experimental “valencies”, due to the 
complications of the thermodynamic effects coupled with entropy and enthalpy. A thumb 
of rule would be, for synthesized tetrahedra to be stable against thermal fluctuation, the 
patch size may be larger than what the configuration of contacts requires, such that 
particles can enjoy the rotational freedom within a cluster, instead of falling apart.  
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3.3 Results and discussions 
We started with amphiphilic Janus spheres here, whose patches were decorated 
precisely onto one hemisphere from directional thermal vapor beam of Au, which were 
then rendered hydrophobic (16). Besides homogeneous patch size, this procedure also 
allows the desired flexibility of the bonds between neighboring patches, namely the 
entropy-induced hydrophobic attraction in water. With attraction strength comparable to 
thermal fluctuation, the spontaneous assembly of Janus spheres is smart and can be self-
corrected to escape from imperfect bonds or kinetic-favored aggregates towards their 
targeted configuration driven by thermodynamical force.   
The patch size on amphiphilic Janus spheres are then tuned at will based upon the 
knowledge that directional coating of metallic materials is no reverse process with their 
conformal chemical etching (17). While the directional coating results in a thickness 
profile of Au with the maximum at the center of the patch, the following conformal 
chemical etching propagates in all directions at the same rate (Fig. 3.1 a).  Accordingly, 
the remaining Au patch size, characterized here as half of the opening angle α, shrinks 
differently after the etching procedure, following a mathematically predictable 
dependence on the elapsed time during the etching process (Fig. 3.1 b, c).  Although 
other ways have been reported to control the patch size (18), this method has the key 
advantage of providing accurate and homogeneous samples from batch to batch, which 
we would show later, is crucial for the controlled assembly.   
The implementation of monodisperse tetrahedra synthesis was achieved, from the 
reaction pool of a population of amphiphilic Janus spheres with a uniform patch size α = 
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61°, larger as expected than that determined when contacts are touching at patch 
boundaries (Fig. 3.2). The reaction is initiated when salt is added to the particle 
suspension to screen the electrostatic repulsion from the charged side of the Janus spheres 
and thus particles start to explore larger spatial space and come into each other. These as-
synthesized tetrahedra are stable against collisions and thermal agitation. Their live 
movement as a concrete independent object, both translational and rotational, allows us to 
reconstruct their three dimensional arrangement manually and obtain a statistical 
measurement of the distribution of product species, among which tetrahedral peaked (Fig. 
3.2 b).  The tetrahedra are protected from mutual coalesce naturally by the repulsion from 
their hydrophilic shells, compared with the spatial compartmentalization (19) or extra 
adhesive material in the cluster center (20).  
An exploration inspired by the success with tetrahedra reveals further more the 
importance of a delicate control of patch size, and the thermodynamic effect. When the 
minimum α required for a certain cluster shape is calculated from their geometric 
skeletons and lined-up in a row, it is obvious that first the larger α is, the more 
configurations are possible, among which smaller clusters bare more energetically-
unfavorable unsatisfied, dangling bonds but are still entropically-preferred for their larger 
translational and rotational freedom (Fig. 3.3 a). A competition between these two factors 
results in multiple thermodynamically stable states and also a larger variety of dynamic 
pathways, both of which leads to a polydisperse distribution of clusters (Fig. 3.3 b, d). In 
addition, some of the larger clusters, such as pentamer holds unidentical valencies for 
their components, making their monodisperse assembly from uniform building blocks 
even more challenging. Towards the other direction, when the α is much smaller, the 
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system has dominant monomers, qualitatively from the overwhelming entropic effect 
over energetic concerns (Fig. 3 c, d).  
 
3.4 Conclusions 
In conclusion, we show for the first time the use of chemical etching to control the 
colloidal valency of Janus spheres and their self-assembly into colloidal molecules. A 
monodisperse tetrahedral synthesis is achieved by careful choice of the valency values, 
which shows the key parameter for control is both the valency and the target geometry. 
For more complicated molecular mimic self-assembly, besides the valency design 
demonstrated here, more selective interactions and higher order patch topology might 
circumvent the competition between desired materials and other aggregates along various 
pathways.  
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3.6 Figures 
 
 
Figure 3.1 
Control of valency for Janus spheres. (a) a monolayer of polystyrene spheres were 
first deposited with 2 nm Ti and 15 nm gold, and then etched to shrink the size of 
gold patch (defining as α, half of the opening angle ). (b) working curve showing the 
decrease of valency (black squares) versus etching time. (c) SEM images of gold 
coated after being etched. The lower image shows the size of the particle (red circle) 
and the size of the patch (yellow circle), demonstrating a decrease in valency. 
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Figure 3.2 
Self-assembly of Janus spheres when valency is four. (a) Comparison of two different 
assembly strategies towards tetrahedral. (b) Histogram showing the highly peaked 
tetrahedral population in the assembly suspension. The inset is the fluorescent image 
of the assembled tetrahedral.  
59 
 
 
 
Figure 3.3 
The relation between valency and assembled clusters. (a) The required valency for 
different clusters. (b) (c) show the assembled cluster when α is 70º (black columns in 
(d)) and 55º (grey columns in (d))respectively.  
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CHAPTER 4  
DIRECTED ASSEMBLY OF A COLLOIDAL KAGOME 
LATTICE 
Adapted with permission from Qian Chen, Sung Chul Bae, Steve Granick (2011) Directed 
self-assembly of a colloidal kagome lattice, Nature, 469, 381-384. Copyright © 2011 
Nature Publishing Group. 
 
4.1 Abstract 
Among the most challenging goals in materials chemistry and physics is to 
spontaneously form intended superstructures starting from designed building blocks.  
Formulated in fields from crystal engineering (1) to design of porous materials (24), 
classically this is defined to concern building blocks of organic molecules, sometimes 
together with metallic ions or clusters.  To do likewise with nanoparticles and colloidal-
sized particles would open doors to new materials and new properties (57) but the 
pathways to achieve this goal are at an early stage of understanding.  Here, with spheres 
that attract one another on two polar regions but repel at the middle band (“triblock 
Janus”), we demonstrate the self-assembly of a colloidal Kagome lattice (812) and 
visualize its aqueous assembly dynamics on the single-particle level.  The building blocks 
are simple micron-sized spheres whose interactions (electrostatic repulsion in the middle, 
hydrophobic attraction at the poles) are likewise simple, but their self-assembly into this 
open structure contrasts with previously-known close-packed periodic arrangements of 
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spheres (1315).  This open network is of interest for theoretical reasons (810) and on 
the functional side, they add the extra dimension of possessing two families of pores:  
some pores that are hydrophobic on their rims and others hydrophilic. This strategy of 
“convergent” self-assembly from facilely fabricated (16) colloidal building blocks 
encodes the target supracolloidal architecture not in localized attractive spots but rather in 
large redundantly attractive regions of the building blocks, and can be extended to form 
other supracolloidal networks.  
 
4.2 Background 
Colloidal crystals are important for their proposed applications in photonics, 
biomaterials, catalytic supports, and lightweight structural materials. They also serve as 
model systems to study the phase behavior and crystallization kinetics of atomic and 
molecular crystals (1315). Usually composed of hard spheres homogeneous in surface 
functionality, their spontaneous formation is mostly induced by the minimization of 
entropy, which results in a limited selection of attainable close-packed crystal types 
(1315).  More complex crystals assembled from similarly homogeneous spheres have 
been constructed in binary colloidal (17) and template-assisted systems (18).  To achieve 
programmable formation of crystals, building blocks with designed specific surface 
functionalities such as DNA linkers (1920) and attractive “patches” (57, 21) have 
been proposed, but these approaches pose synthetic challenges and can be difficult to 
generalize.  For example, the Kagome lattice (see Fig. 4.1), which is of theoretical 
interest for mathematical reasons (8)
 
as well as its relevance to mechanical stability of an 
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isostatic lattice
 
(9) and frustration in magnetic materials (10), is composed of interlaced 
triangles whose vertexes have four contacting neighbors.  To construct it by direct 
assembly would require colloids with four unevenly distributed patches on their equators 
to line up precisely with their counterparts on neighboring spheres (see Fig. 4.2 A) but 
methods to obtain the desired colloids are not immediately accessible.   
Accordingly, we choose the Kagome lattice as our target colloidal crystal to 
produce by the following alternative strategy.  To reduce the need to start with a specific 
pattern of attractive spots on each building block, we design a building block with the 
orthogonal attributes of minimal surface design combined with self-adjusted coordination 
number.  This simplifies the original four-patch decoration scheme into one with two 
patches at opposite poles, each of which subtends an angle in the plane large enough to 
allow coordination with two nearest neighbors (see Fig. 4.2 B).  This has the merit that 
established synthetic methods (16) can be used to decorate spherical particles with two 
hydrophobic poles of tunable area, separated by an electrically-charged middle band.  As 
each of the hemispheres is chemically “Janus” (two-sided) (23) with the same middle 
band, we refer to these as “triblock Janus.”     
 
4.3 Results and Discussions 
This motif causes neighboring particles to attract at their poles in a geometrical 
arrangement limited by their size, while avoiding energetically unfavorable contacts 
between the charged middle bands. After overnight sedimentation, the density mismatch 
between our gold-plated polystyrene particles and the water in which they are suspended 
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concentrates the particles into a quasi-two-dimensional system. Our synthetic scheme 
produces elongated caps (see Fig. 4.3) which further facilitates assembly into two 
dimensional networks since it allows two nearest neighbors only when the long patch 
axes of neighboring particles are parallel.  Ordering is then switched on at will by adding 
salt (3.5 mM NaCl in these experiments) to these spheres in deionized water, which 
screens electrostatic repulsions and allows hydrophobic attraction to come into play.  The 
successful completion of the ordering process requires the energy landscape of the system 
to be smooth enough for kinetically favored intermediates to finally transform to the 
thermodynamically favored product with maximized hydrophobic contacts.  
Experimentally, the hydrophobic attraction of around 10 kBT per contact (23) allows self-
correction of imperfectly-aligned bonds, which is advantageous because kinetically-
formed intermediate defects finally transform to the favored structure over a convenient 
time scale. The scheme of self-assembly is summarized in Fig. 4.1 A.    
Fluorescence images of the final product (Fig. 4.1 B) reveal single-phase web-like 
sheets that tessellate the surface in the known pattern of a Kagome lattice.    Interestingly, 
the two populations of pores in this lattice, triangular and hexagonal, possess inherently 
different microenvironment on their rims.  As demonstrated in Fig. 4.1 C, hexagonal 
cavities are surrounded by negatively charged rims; triangular cavities by hydrophobic 
rims. Previously, others succeeded in forming Kagome lattices when functional 
molecules self-assemble epitaxially onto certain metals (11), but our substrate is 
essentially inert; it simply carries negative charge to prevent colloids from sticking to it.  
Accordingly, a key difference from such molecular systems is that lateral positions of 
elements of the Kagome lattice display thermal fluctuation around their mean positions.  
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In principle this should enable direct measurement of the vibration modes and phonon 
structure (24), which are of interest theoretically (9).  While to observe this structure 
might seem obvious, computer simulations of similar particles show a different structure, 
close-packed with alternating attractive bands (21).  The key difference appears to be that 
experimentally, particles were free to exchange outside the monolayer.  This contrast 
between experiment and simulation implies that different crystal structures should be 
observed at low and high pressure.  Another phase transition, melting, is anticipated if 
attraction were weaker, as could be achieved experimentally by using a mixed monolayer 
of alkane thiols in place of the strongly hydrophobic monolayers used here.   
We now follow the ordering process, as is difficult to do with surface-templated 
systems.  Defining the start of the experiment as when salt is added, fluorescence imaging 
shows that particles first recognize the existence of neighbors by clustering into 
kinetically-favored triangles, strings, or a combination of these two.  Subsequently, they 
rapidly coordinate with additional particles to maximize contacts between hydrophobic 
poles, resulting in chunks of network with defects consisting mainly of irregular voids. A 
typical early-stage image is shown in Fig. 4.4 A. The sample at this time contains some 
web-like structures (Fig. 4.4 B) and other strings with dangling bonds (Fig. 4.4 C). 
Quantitative analysis of their relative abundance (Fig. 4.4 D) shows, with elapsed time, 
monotonic decrease of monomers, monotonic increase of web-like structures, and a peak 
in the abundance of strings; hence, strings are a kinetically favored intermediate which 
does not require patch alignment as accurate as webs and enjoys more translational and 
rotational freedom.  We follow the typical evolution of a string first into triangular nodes 
with branches, then into enclosed pores. The particle number density in this movie is 
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smaller than in Fig. 4.4 A to demonstrate individual dynamic events. This system 
behaves similarly to the pattern in Fig. 4.4 D at this stage of assembly, but at a slower 
rate.  
 For the Kagome lattice to fully develop requires much longer.  Following the 
formation of irregular webs, the colloids first adopt quasi-Kagome order at local areas 
which then extend. This growth of the final structure from metastable intermediates 
suggests revisitation of classical nucleation theory in the well-studied crystallization of 
closely-packed spheres; in this system, in determining the size and shape of critical nuclei, 
the concept of average surface tension may be quantitatively or even qualitatively 
different. To quantify the ordering process, for each particle in each time sequence of 
images, the local coordination of each particle to its neighbors was determined and then 
quantified by the local bond orientational order parameter 
6 j .  Particles with four bonds 
and 
6 j  larger than 0.7 were defined as locally crystalline (14).  Figs. 4.5AD consist of 
a time series of images, showing isolated crystal bonding, then fusion into larger domains, 
and finally healing of non-crystalline bonds into ordered ones. The crystalline domains 
fluctuate, making the edges across ordered and random regions rough and sometimes 
transient. The graph in Fig. 4.5 E characterizes the average of images of this kind and 
shows the time dependence.  Interestingly, the approach follows typical first-order 
chemical reaction kinetics during which time the particle number density remains nearly 
constant, the fraction of product increasing rapidly until slowly depleted of available 
materials and saturating exponentially to a plateau. Together with the earlier stage in 
which individual particles condense into irregular networks (Fig. 4.4), this is reminiscent 
of two-step nucleation in protein solutions, for which order is preceded by a dense 
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amorphous state (25).  Eventually, we find that growing crystalline grains of different 
orientations impinge. Fig. 4.6 shows examples of long-range crystalline order, at dilute 
and concentrated concentrations. This polycrystalline structure could be annealed and its 
order improved by the usual methods of materials science.  
 Furthermore, sheets of Kagome lattice are found to stack, one above the other, in 
parallel layers.  In a bilayer, both layers retain the in-plane order of a Kagome lattice: in 
registry but staggered in orientation, so that the intersection of nodes of the two lattices 
forms an octahedron.  An optical image of the resulting array of octahedra is shown in 
Fig. 4.7. This stacking maximizes the hydrophobic node comprised of six hydrophobic 
poles in each octahedron; alternative arrangements would be more costly in energy, 
requiring hydrophobic nodes in one plane to be positioned over the pores with charged 
rims in the second plane. While technical limitations in visualizing the resulting structure 
presently prevent us from visualizing the assembly to still thicker films, there is potential 
to fabricate multilayers of vertex-sharing octahedral, as well as pyrochlore and other 
hierarchical structures usually associated with inorganic crystals, not colloids (8).  
Looking to possible applications, freezing these structures into place offers potential to 
form selective membranes, in which some holes are hydrophobic and others hydrophilic.   
 
4.4 Conclusions 
These design rules suggest generalizations.  Other open structures (26)
 
 could be 
designed from triblock particles whose coordination number differs on the opposing 
north and south poles.  The needed modulation of the angular range of attraction could be 
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achieved by lessening the size of the hydrophobic patch, or alternatively by less screening 
of repulsion.  If building blocks were to carry four attractive patches distributed at 
tetrahedral angles, a diamond structure would be artificially designed, though 
implementation of this awaits the development of needed synthetic methods to produce 
the parent particles (27).  The common point is that colloidal building blocks, attracting 
one another reversibly, during the early stages of assembly assemble into intermediate 
clusters (strings, in the present experiments) with wide latitude in the mutual orientation 
of neighboring particles.  Subsequently, the orthogonal variable of geometrical shape 
then guides these transiently-stable intermediates to the final structure.   
 
4.5 Materials and Methods 
Particle Fabrication  
Patches on opposite poles of spherical particles are produced by sequential 
glancing angle deposition (16).  First, a closely-packed monolayer of 1 m fluorescent 
sulfated latex particles (F-8851, Invitrogen Inc.) is fabricated on a silicon wafer substrate 
using a reported method (28).  In brief, 80 L water/ethanol dispersion (volume ratio 1:1) 
containing 8 wt %  latex particles is dropped onto the top surface of a 1×1 cm piece of 
glass (pretreated by Piranha solution ) surrounded by water located at the midbottom of a 
Petri dish.  The dispersion spreads freely on the water surface until it covers nearly the 
entire area.  Then 10 L of sodium dodecyl sulfate (SDS) (2 wt %) solution is added to 
the water surface to reduce the surface tension and condense the particles into a closely-
packed monolayer of ~16 cm
2
 in area. A silicon wafer (1.5 ×2.5 cm, pretreated by 
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Piranha solution) is used to pick a piece of floating monolayer of particles, left dry for 
later treatment.  
Second, glancing angle deposition of 2 nm Ti/25 nm Au layers onto the colloidal 
monolayer is performed as described (16). The glancing angle is set to be 30to the 
particle monolayer. After the first vapor deposition, the particle monolayer is lifted up 
with a polydimethylsiloxane (PDMS) stamp so that patches from the first vapor 
deposition are facing down.  PDMS stamps are prepared by curing the monomer and 
crosslinking agent (10:1 w/w) (Dow Corning) at 70°C in a pumped oven overnight.  Just 
before stamping, the PDMS surface is treated by oxygen plasma to induce necessary 
adhesion. The oxygen plasma is generated by a Harrick PDC-32Gplasma cleaner.  Low 
plasma power is used (6.8W), and the chamber pressure is ~150 mTorr.  The treatment 
duration is 45 sec. The stamping is carried out immediately after the plasma treatment.  
Then the second deposition is performed from the other direction of the colloidal 
monolayer to produce patches on the other poles of the colloids. The PDMS stamp with 
colloidal particles attached is immersed in 2 mM  octadecanethiol in ethanol for 7 hr to 
render hydrophobic the Au coatings.  Particles on PDMS stamp are rinsed with ethanol 
multiple times and then redispersed in deionized water via ultrasonication.  
Self-assembly  
A suspension of triblock Janus particles in deionized water is contained in a flat 
silica cuvette (Lab-Tek
TM
 II Chambered Coverglass). Particles are repelled from the 
cuvette bottom by its negative charge. Note that the gravitational height of the as-
prepared particles, h  kBT mg 4 m, concentrates the dispersed particles into a 
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quasi-two-dimensional system after overnight sedimentation. Here, Tis the room 
temperature and mg is the buoyant weight of the particle considering both the density of 
latex particles (1.055 g/cm
3
) and the gold coating. The range of hydrophobic attraction is 
short compared to our particle diameter, which the experimental literature reports to be in 
the range 10-100 nm and was successfully modeled with a potential decaying roughly 
exponentially with a decay constant on the order of 10 nm (23). This short range can 
enforce contact interactions, disfavoring more loosely bound structures that will result for 
long range attractions. The salt NaCl is added to screen repulsion to a Debye length of ~5 
nm to allow the recognition of attraction between patches and their consequent self-
assembly. Using epifluorescence microscopy (63× air objective with a 1.6× post 
magnification, N.A. = 0.75) with an iXon EMCCD camera, we monitor the dynamic 
evolution of the system. The quantification of this dynamical change in structure is by 
manual mapping for Fig. 2d, and for Fig. 3e a combination of particle tracking and 
calculation of the local two dimensional bond-orientational order parameter,  
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Where nn  is the number of nearest neighbors of particle j  identified from Delaunay 
triangulation.  Here 
jk is the angle of the bond between particle j  and its neighbor k to 
an arbitrary reference axis. This definition of order parameter is valid for the Kagome 
lattice since it shares the same arrangement of neighbor orientation as a triangular lattice 
except for the missing particles. Meanwhile, to avoid the inclusion of particles locally 
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ordered with six bonds as in a triangular lattice, only particles with both 
6 j  >0.7 and 
four nearest neighboring bonds are denoted as particles with local Kagome lattice order.  
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4.7 Figures 
 
 
Figure 4.1 
Colloidal Kagome lattice after equilibration.  (a)  Triblock Janus spheres  hydrophobic on 
the poles (black, with an opening angle of 65) and charged (white) in the equator section, 
are allowed to sediment in deionized water. Then NaCl is added to screen electrostatic 
repulsion, allowing self-assembly by short-range hydrophobic attraction. (b)  
Fluorescence image of a colloidal Kagome lattice (main image) and its Fast Fourier 
Transform image (bottom right).  Scale bar is 4 m.  (c). Top:  Enlarged view of the area 
in panel (b) bounded by dotted lines.  Dotted red lines highlight  two staggered triangles.  
Bottom:  Schematic illustration of particle orientations. 
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Figure 4.2 
Kagome lattice assembled alternatively from direct or convergent assembly of colloidal 
spheres.  (a) Direct assembly requires four point-like patches (green) distributed precisely 
on the equator of the sphere at needed angles, α = 60º, serving as directional attractive 
points to glue particles into the Kagome lattice pattern. (b) Convergent assembly starts 
with spheres decorated at opposing poles with attractive patches (black) that subtend an 
angle that allows contact with up to two but not three neighboring spheres, if 60º<α<120º.  
This angular range of patch is based on considering the size of the geometrical patch 
while in real experiments additional factors such as rotational entropy would also come 
into play. Thermal motion allows the spheres to rotate with respect to one another at fixed 
separation over a wide range of subtended angle and this convergent assembly scheme 
results in Kagome lattice.  
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Figure 4.3 
Scanning electron microscope (SEM) images of triblock Janus latex spheres produced by 
glancing-angle deposition of gold coatings. (a) A top view normal to the monolayer of 
spheres on a silica wafer after gold deposition.  The gold patches (brighter regions of the 
SEM micrographs) are slimmer on one axis, wider on the other.  (b) An enlarged view of 
the resulting elongated-shaped gold patches.  The two-dimensional opening angle along 
the long axis (yellow line), is α’= (65 ± 4) º; here, the long axis is what matters as the 
system selects particle-particle orientations that maximize hydrophobic contacts.  We are 
aware that the opening angle depends not solely on the glancing angle but also on the 
direction of deposition relative to the axes of the two-dimensional crystal, not everywhere 
the same owing to grain boundaries in the monolayer crystal.
16
 However, this second-
order effect does not bring the opening angle outside the required range, 60º < α < 120º.   
Scale bar is 2 μm. 
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Figure 4.4 
Stages of self-assembly of Kagome lattice.  (a)  Illustrative fluorescence image taken 35 
sec after initiation of the assembly.  Scale bar is 4 m. (b), (c) Enlarged views of a web-
like area (b) and a single-particle string area (c), both highlighted in panel (a) by dotted 
lines. Bonding types are shown in accompanying schematic illustrations (blues lines in (b) 
and red lines in (c)). (d)  Time evolution of structures illustrated in panels (a)-(c), 
showing the relative abundance of discrete spheres (black squares), strings (red circles), 
and triangular bonding (blue triangles).  The time spans 0.2 sec to 12 min.   
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Figure 4.5 
Crystallization of the Kagome lattice. Fluorescence images taken at 2.9, 3.0, 3.1, and 53.8 
hr (panels (a), (b), (c) and (d), respectively).  Blue circles denote the particles of local 
crystalline order as defined in the text. Blue lines are their neighboring bonds. Scale bar 
is 4 m. Panel (e) plots the time evolution of the fraction of particles bearing local 
crystalline order (black squares), corrected for particles with missing bonds at the 
boundary, which approaches a plateau with exponential kinetics (red line).  Also shown is 
the particle number density (blue circles) normalized by its observed maximum.   
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Figure 4.6 
Long-range order of the Kagome lattice self-assembled from triblock Janus spheres. (a) 
When the particle concentration is high, crystalline grains of different orientations 
impinge to form a polycrystalline structure. (b)  When the particle concentration is sub-
monolayer, the Kagome lattice likewise forms.  Note the clear boundary between 
crystalline regions and solution (black background). Scale bar is 10 μm. 
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Figure 4.7 
A bilayer of parallel Kagome lattices.  (a)  Fluorescence image taken from the bottom.  
The eye sees octahedra consisting of staggered triangular nodes, as shown in the 
schematic illustration in the bottom left.  Scale bar is 4 m.  (b)  Enlarged view of the 
area bounded by dotted lines in panel (a).   Top:  Fluorescence image.  Bottom:  
Schematic view of particle arrangements from two perspectives, nearly vertical to the 
plane and nearly parallel to it.  
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CHAPTER 5  
TRIBLOCK COLLOIDS FOR DIRECTED SELF-ASSEMBLY 
Adapted with permission from Qian Chen, Erich Diesel, Jonathan K.Whitmer, Sung Chul 
Bae, Erik Luijten and Steve Granick (2011) Triblock Colloids for Directed Self-Assembly, 
Journal of American Chemical Society, 133, 7725-7727. Copyright © 2011 American 
Chemical Society. 
 
5.1 Abstract 
       Methods are described to functionalize micron-sized colloidal spheres with three or 
more zones of chemical functionality, ABA or ABC.  Implemented here to produce ABA 
triblock colloids, we functionalize the north pole, south pole, and equator to produce what 
we refer to as X, Y and K functionality according to the number of allowed nearest 
neighbors and their spatial arrangements.  These synthesis methods allow targeting of 
various lattice structures whose bonding between neighboring particles in liquid 
suspension is visualized in situ by optical microscopy. 
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5.2 Background 
A core question in materials science is how to encode nontrivial organized structures 
within simple building blocks.  Solving this problem is subject to various conditions. 
First, the building blocks should be sufficiently simple to allow facile synthesis or 
fabrication; second, building blocks of different topological design and surface 
interactions should be within reach, in order to access a variety of targeted organized 
structures.  Here, we are concerned with planar arrangements.  The potential relevance 
ranges from seeking laboratory methods to tile space with colloids in specific geometric 
patterns (1), which sometimes might possess specific mechanical properties (23), to 
designing selective membranes and host platforms (4). A recent report from this 
laboratory showed methods to functionalize latex spheres to be hydrophobic at their poles, 
leading to the directed self-assembly of a kagome lattice pattern in which each sphere 
coordinated with four neighbors, two at each pole (5). However, only one single structure 
of self-assembly significance was demonstrated, as it was challenging to systematically 
tune the size and positions of the irregular patch shapes in that study.   
Here, we introduce the concept that varying the area of surface functionalization 
serves to modify the valence, or potential coordination with neighbors, as well as the 
topological arrangement of areas on neighboring particles that are functionalized to either 
attract or repel.  This communication describes robust fabrication methods to produce the 
needed particles. 
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5.3 Results and Discussions 
Consider Fig. 5.1 AB.  These concern cases of arrangements of monodisperse 
spheres; their mixtures present an obvious generalization.  Then the connections between 
points on a planar lattice have equal length.  The “X” bonding geometry, two nearest 
neighbors on each pole, was introduced previously (5). If a given colloid possesses room 
to attract one neighbor at one end and two neighbors at the opposite end, this leads to a 
building block with a “Y”-shaped interaction pattern. Such a pattern might be 
implemented by functionalizing spheres with a small patch on one end and a larger patch 
on the other, large enough to hold two adjacent neighbors.  Scheme 1a shows that this can 
generate truncated hexagonal patterns (1).  Fig. 5.1 B shows that, following the same 
logic, a deliberately distorted kagome lattice (3) can be created from building blocks with 
a “K”-shaped bonding geometry, which could be realized by functionalizing spheres with 
two patches, each sufficiently large to accommodate two neighbors, but whose center-to-
center axis does not pass through the center of the sphere.  Pursuing this concept on the 
experimental side, we chose to implement the building blocks of both lattices: control of 
patch size for Y-shaped interactions and control of patch topology for K-shaped 
interaction patterns as well as other possibilities outlined below. In the discussion 
presented here, we emphasize the synthetic aspects.   
 From among the synthetic strategies previously known to produce triblock 
spheres (58), including elastomeric stamping one pole at a time (58), earlier work from 
this laboratory was predicated on glancing-angle deposition of gold coatings followed by 
thiol surface functionalization (5). Despite the usefulness of this method (5), the shape 
and size of coatings formed by glancing-angle deposition suffer from shadowing by 
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neighboring particles during metal deposition, unless the requirement of a strictly close-
packed monolayer of parent particles is met (8). The resulting irregular shapes of the gold 
patches can complicate interactions with other particles during subsequent self-assembly 
(5).The methods described here create uniform triblock spheres with patches shaped as 
spherical caps whose size and mutual positions can be tuned. 
 Particles spread onto a flat substrate are first coated from above on one 
hemisphere, flipped over via contact stamping (Fig. 5.2 A), and then coated from above 
on the other, newly exposed hemisphere. During metal deposition any monolayer 
arrangement of the particles is permitted, from loosely packed to crystalline, since there 
is no possibility of shadowing. Note that coating from above produces the thickest 
coating at the poles, the thickness tapering off progressively toward the equator (see Fig. 
5.3).  Subsequent etching causes these radially symmetric caps of nonuniform thickness 
to gradually decrease in size.  Implementing this idea with polydimethylsiloxane (PDMS) 
stamps, we immerse particle layers, while they sit on the PDMS stamp, into a gold 
etching solution (4). Etching proceeds at a uniform rate, removing the thinnest coatings 
first, such that what begins as hemispheres shrinks controllably and uniformly from the 
edge to produce spherical caps. This process generates functionalized spheres of high 
monodispersity.  The experience of this laboratory is that monodisperse building blocks 
are crucial for their subsequent assembly with high fidelity into targeted structures. 
 The conformal PDMS stamp protects occluded regions during the chemical 
etching. We find that regardless of etching time, areas in contact with the stamp remain 
intact. Such a difference in etching micro-environments (Fig. 5.2 A) for upper and lower 
patches can be significant.  The top and bottom halves initially are etched at the same 
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rate, then the upper patch continues to shrink, whereas the lower patch touching the 
stamp retains a size comparable with the contact area (Fig. 5.2 B). Thus triblock spheres 
with either X- and Y-shaped bonding geometry can be harvested from a single batch, by 
quenching the etching after different elapsed times. This is illustrated in Fig. 5.4 AB for 
2 µm silica spheres, where the patches can be discerned in the SEM images because of 
the stronger scattering from the conductive gold surface.  In this experiment, the second 
gold deposition was perpendicular to the PDMS stamp.  In addition to its control by 
etching, the size of the larger cap (i.e., lower patch) can be tuned by controlling the 
softness of the elastomer stamp (6). 
 It is also possible to tilt the beam in the second deposition to control the relative 
orientation of the two patches. The only requirement is that the particles are sufficiently 
separated on the planar substrate to prevent shadowing by their neighbors.  Combined 
with proper etching time, this gives the K-shaped bonding geometry shown in Fig. 5.4 C. 
Taking this approach, patches can be oriented at almost any angle (Fig. 5.4 D), from 
opposite poles of the sphere to close together near the same pole, the latter being 
accomplished by using two tilted depositions from different directions. We envision that 
this strategy can be generalized by a sequence of additional coatings to produce more 
complex coating geometries with an arbitrarily large number of patches, such as the 
example of spheres with three patches shown in Fig. 5.4 D.   
 It is easy to visualize the resulting particles by optical microscopy because even 
very thin gold patches provide the needed optical contrast to silica (Fig. 5.5 A); note that 
in these images, metal coating appears black, showing how particles orient.  Images of a 
collection of particles (Fig. 5.5 B) show how monodisperse the particles are. Although 
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this communication focuses on synthesis rather than targeted assembly, we emphasize 
that optical visualization also can show how particles are oriented after they assemble and 
thus reveal the bonding network of the self-assembled structure.  For example, Fig. 5.5 C 
shows a dodecagonal pore formed by the Y-shaped triblock spheres; here the silica rims 
are white and the gold rims black.  The gold patches were rendered hydrophobic using 
thiol chemistry and the pores self-assembled after triblock spheres in aqueous suspension 
sedimented to the bottom of the sample cell.  We anticipate that with image analysis, both 
the temporal and the spatial distribution of particle orientations can be quantified. This 
could provide, for example, insight into the vibrational modes of this and other complex 
structures (39).  
 
5.4 Conclusions 
The synthetic method and particle design strategy described enable a variety of 
applications in targeted self-assembly.  Illustrated here for the surface-chemical 
modification of silica spheres with gold coatings, in principle the method generalizes to 
other techniques of surface functionalization (10), to different material coatings (1011), 
and to the surface functionalization of particles with more complex shape.  Shadowing 
can be avoided in the case of spheres by not packing the particles too closely, and 
methods to achieve this are known (12). For more complex shapes, use of atomic layer 
deposition would further generalize the approach. 
 
5.5 Methods and Materials 
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1. Preparation of particle monolayer: 
A 4 wt% aqueous solution of 2 μm silica particles (Tokuyama) was used to prepare the 
monolayer.  Other concentrations of particles have been tried, but 4 wt% was found to 
give a monolayer dense enough to provide a sufficient quantity of particles for the 
experiment, while not being too concentrated nor producing excessive multilayers.  
Particles were deposited by drop-casting this particle suspension onto glass substrates 
that had been cleaned with Piranha solution.   
2. Deposition of gold patches: 
The particle monolayer was subsequently coated with 2 nm of titanium, followed by 25 
nm of gold, using a Temescal e-beam evaporation system.  Particles were lifted from the 
substrate with a PDMS stamp. PDMS stamps were prepared by mixing Sylgard 184 
agents (Dow Corning) with monomer and cross-linking agent at weight ratio 10:1. Just 
before stamping, the PDMS surface was treated by oxygen plasma to induce necessary 
adhesion and wettability. The oxygen plasma was generated by a Harrick PDC-32G 
plasma cleaner. A typical experiment used low plasma power, 6.8 W, chamber pressure 
around 150 mTorr, and treatment duration 50 s. The printing was carried out immediately 
after the plasma treatment. Lifting of the monolayer was achieved by placing the stamp 
on the monolayer and applying uniform pressure for approximately 20 seconds.  The 
stamp was then peeled off and used as the substrate for a second identical round of 
titanium and gold deposition.  At this point both hemispheres of the particles have been 
coated, with thicker caps near the poles that gradually thin from the pole to the equator. 
Both coatings can be perpendicular to the particle monolayer, as in the case for triblock 
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spheres with “X” and “Y” bonding geometry, or the second coating can be tilted from the 
normal direction by 30° to generate the “K” bonding geometry. 
3. Gold etching: 
Gold etching solution was made using 4.93 g Na2S2O3, 0.0867 g K4Fe
II
(CN)6, 0.667 g 
K3Fe
III
(CN)6, 11.2 g  KOH, and 200 mL of deionized water.  After the desired amount of 
etching time had passed, the slide was removed, immediately submerged in a beaker of 
deionized water, and rinsed vigorously for 30 seconds. Rinsing was repeated to ensure 
that no etching solution remained on the stamp. 
4. Thiol treatment: 
First, n-octadecanethiol (Sigma-Aldrich) was allowed to deposit on the particles, still 
sitting on the PDMS stamp after the etching step, from its 2 mM ethanol solution. After 2 
hours, particles were rinsed with 2% HCl ethanol solution, and harvested by 
ultrasonication in deionized water.  
5. Optical imaging: 
Optical micrographs shown in Fig. 3 of the text were observed by bright field microscopy 
(63× air objective with a 1.6× post magnification, N. A. = 0.75). Images were captured by 
an iXon electron multiplying charge coupled device (EMCCD) camera. 
6. Deducing gold thickness profile after directional coating 
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Consider the sphere surface between two lines of latitude with zenith angles of α and (α + 
dα), which is the hatched region shown above.  When dα approaches zero, the surface 
curvature is negligible, so area can be calculated by expanding the surface into a flat ring.  
Here, surface area = perimeter of inner circle ×width of the ring (the radian on the line of 
longitude):                       
       ,  
which is 2 times the Jacobian for transformation to spherical coordinates. Similarly, the 
area of the red ring, the projection of the black ring onto the equator, is 
                                   
        
  
 
      
  
 
  
Then, deposition flux flows at a constant rate of f per unit time per unit projection area, 
so for a particular deposition time t0, the volume of Au deposited is 
        
On the exposed area    denote the thickness of the Au coating as     ， 
        , so 
α
dα
Rdα
RsinαRsin(α +d α)
Rdα Rsinα
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B
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this leads to the main result:               
This can also be seen directly:  the total amount deposited per unit area is     and 
correction for tilted surface add the multiplicative factor,     . 
7. Deducing gold thickness profile after directional coating 
Etching occurs at a constant rate R per unit time per unit Au thickness, 
at time t:                   
Janus geometry α means at the etching time t,           
so:            
The significance is to show how the gold patch size grows linearly with the etching time. 
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5.7 Figures 
 
 
Figure 5.1  
Design of triblock spheres for directed self-assembly of open colloidal networks. (a) 
Triblock spheres with a “Y” bonding motif can produce a truncated hexagonal lattice, 
with one nearest neighbor at one pole and two nearest neighbors at the opposite pole of 
the sphere.   (b) Triblock spheres with a “K” bonding motif can produce a distorted 
kagome lattice that is predicted to differ in its mechanical properties from the standard 
kagome lattice (3). 
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Figure 5.2 
Synthesis of triblock spheres. (a) Parent colloidal spheres on a flat substrate were first 
coated on one hemisphere with 2 nm Ti and 25 nm Au (black), then pressed against a 
sticky PDMS stamp to release the uncoated hemisphere, flipped over, and decorated with 
the same coating again. The stamp was subsequently immersed in a gold etching solution.  
The gold coatings on top and bottom shrink differently. (b) The angles  and  (defined 
in the inset) are a measure of the size of the top (red circles) and bottom (blue squares) 
gold patches, respectively. Plotted against etch time, they illustrate how these patches 
etch at different rates.  Supplementary Information specifies the concentration of etchant 
solution. 
  
96 
 
 
Figure 5.3 
Examples of triblock spheres synthesized by the methods described in this paper. (a–c) 
Scanning electron microscopic images of particles with X-shaped (a) and Y-shaped (b) 
surface functionalization, generated respectively by ending the etching process at 
different stages, as well as K-shaped surface functionalization (c) generated by tilting the 
second deposition beam 30º to the normal direction of the particle layer. 
(d) Schematic diagrams of how, in principle, multiple tilted depositions from different 
angles can produce multi-block particles. This requires that the particles be spaced 
sufficiently far apart to avoid shadowing, i.e., at a minimum separation d = 2R / cos δ for 
a beam angle δ and particle radius R. Sequential deposition onto the same pole from 
different directions can produce triblock spheres with patches arranged at θ < 90º, 
highlighted in the blue dashed box. The case θ > 90º, highlighted in the red dashed box, 
can be combined with extra coatings on the upper pole to produce multiblock spheres 
(green dashed box).   In panels (a)–(c), the scale bars represent 2 μm. 
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CHAPTER 6  
DENSITY-DRIVEN TRANSFORMATION OF POLYMORPHS 
FROM TRIBLOCK SPHERES 
The contents of this chapter are based on a manuscript in preparation by Qian Chen, 
Sung Chul Bae, Steve Granick (2011). 
 
6.1 Abstract 
Multiple assembly forms can exist for a given building block. The understanding 
of this phenomenon, called polymorphism in crystal engineering (1), is of central 
importance for materials science, so as to distinguish and obtain one polymorphic form 
over the others. Recently, the emergence of “patchy” colloids (25) along with their 
flexible mutual interactions has brought in a variety of complicated, sometimes diverse, 
assembly phases and intricate phase diagrams. While this advancement extensively 
broadens the scope of colloidal material fabrication, it has also brought up a new 
challenge, similar to molecular materials, how to selectively design and fabricate desired 
materials out of the many possible forms. Theoretical studies have taken the ease of using 
vastly available “patchy” components to investigate their phase behavior (4), still the 
awareness and understanding of the concept “colloidal polymorphism” are sketchy since 
the relevant experimental systems are limited. In this letter, we demonstrate triblock 
spheres with two opposite attractive regions as an ideal experimental system for this 
study, since not only we observed and controlled the existence of two distinct crystalline 
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arrangements from the self-assembly, whose co-appearance shows a novel kind of lattice 
mismatch, but we unveiled how these energy-equivalent polymorphs dynamically 
transform in non-intuitive sequential steps in response to a density gradient. This 
transformation shows the practical possibility of reconstructive, deployable structures via 
a simple density/pressure actuation. And we can extend and generalize the knowledge to 
other patchy colloidal systems.  
 
6.2 Background 
Structural polymorphism comes from a conformational flexibility of how 
components recognize each other. The balance between the needed diversity of 
interaction pattern between colloids and reasonably simple colloidal blocks to easily 
access in the laboratory make the novel triblock spheres an ideal candidate structural unit 
(3). In particular, those triblock spheres, the attractive poles of which allow two nearest 
neighbors, have an unambiguous “X”-shape bonding pattern that determines the lowest 
energy state of assembled structure. Degenerate ground states occur as non-bonded 
colloids can geometrically stay together as long as the bonding pattern tolerates their 
closeness. Accordingly, besides the porous kagome lattice with maximized pure attractive 
contacts found earlier to be one crystalline form, it is envisioned that an increase in the 
packing density would collapse the hexagonal cavities in the kagome lattice and trigger 
the formation of a more compact hexagonal lattice (5). However, previously this closely 
packed phase was not observed due to the difficulty to apply lateral compression.  
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Here we used heavier and larger silica spheres prepared via a new synthetic 
method developed in this lab (6) instead of the earlier polystyrene particles (3) (Fig. 6.1 
a), so that we can utilize the lateral component of gravitational force in a tilt sample to 
concentrate colloids controllably (Fig. 6.1 b). These silica triblock spheres, with 
relatively thick Au coatings as the attractive poles, enjoy the extra advantage of optical 
contrast with bare silica middle band. Thus, both the position and orientation of each 
particle can be imaged and monitored under bright field optical microscope.  
 
6.3 Results and discussions 
In practice, in a tilt sample that is otherwise homogeneous (temperature, salt 
concentration), extended domains of hexagonal packings occur, and they relax into low 
open kagome lattice right upon the release of the stress. In the hexagonal packing, each 
colloid, like a tiny director in a nematic liquid crystal (7), is aligned with its neighbors 
approximately to exhibit alternating parallel stripe patterns (Fig. 6.1 c); while in the 
kagome lattice, the colloidal orientations are completely overlapped with the bonding 
geometry (Fig. 6.1 d). This difference first ensures both structures, though distinct, 
manage to hold the same maximized attractive contacts, and thus be equivalent energy-
wise. Their mutual transformation would be determined by an entropic stabilization effect, 
which dominates the existence of compact hexagonal structure at higher pressure in the 
phase space (5). Secondly, it suggests the inter-particle connection schemes have to be 
thoroughly reconstructed to complete the transformation: old bonds are cleaved and new 
bonds are reformed, all in a concerted manner. The accurate execution of this process 
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requires an energy landscape surface with an accessible barrier between these two energy 
minimums.  
In the boundary where the high and low density domains interface, the colloids 
transit smoothly in terms of positions, since the two sets of lattice sites are commensurate 
with one another; still another inherent lattice mismatch emerges from the conflict in 
colloidal orientations, or bonding patterns of the two crystalline structures. For instance, 
in the sample grain boundaries we show in Fig 6.2 a, two domains share one row of 
colloids which perfectly matches with both lattice phase. Still if the desired bonding 
patterns are extrapolated separately from two crystallites to the interfacial row, some of 
the colloidal orientations are frustrated as highlighted in Fig. 6.2 b. This very 
disagreement of supposed orientations renders these colloids restless, rotating from one 
preferred state instantaneously to the other. Due to this doomed endeavor to fit to the 
mismatched lattices, these frustrated colloids are bonded temporarily and thus more 
loosely to both bulk phases, and more apt to external disturbance.  This unique lattice 
mismatch in orientations outstand the traditional mismatch from a difference in lattice 
constant, lattice composition or lattice types, and calls for attentions especially for 
systems of “patchy” colloids in general, whose directional nature of interactions make the 
additional dimension of orientations decisive in determining the properties and 
processing of their assembled materials. In this particular case, it is speculated that a 
phase change may start from an actuation at the “weakest” linking interfacial particles.  
The energy barrier height between two polymorphs is related to inter-colloidal 
interaction strength. If too high, bonds cannot be broken and rearranged into a different 
crystal structure; if too low, these two states would not be distinct minimums (8). So we 
101 
 
tune the patch surface and salt concentration to the intended interaction strength, several 
kBT, in order to obtain dynamically deployable materials as well as to reveal the detailed 
pathways of the transition dynamics, which was unexplored in the earlier computer 
simulation.  
We started with the compact hexagonal lattice via lateral compression from the 
gravitational force, and then released the pressure to induce a gradual packing density 
reduction along the lateral direction (Fig. 6.3). The corresponding density profile versus 
time was recorded to track the collective effects of component colloid motions free of 
pressure. The initial clean edge of closely packed structures, as nicely demonstrated in 
the abrupt density change between lower and higher plateau in Fig. 6.3 a, first softened 
and blurred following a gradual diffusion of colloids towards the lower density side (Fig. 
6.3 b). Then a third plateau in between the original boundaries shown up, which is the 
signature density of kagome lattice, indicating the loosening colloids reconnected each 
other into the lower-density crystalline structure (Fig. 6.3 c, d). The continuing 
decreasing density reaches a point when it cannot even hold the open kagome lattice: the 
boundaries between plateaus widens into a smooth continuous line. The whole process 
shows the system sits at the right parameter set to be dynamically reconstructive in 
response to density change. The polymorphs can be selected simply by designating the 
desired density. 
Hidden beneath the collective density profile is a concerted bond switching and 
reorganization mechanism that initiates at the boundaries and percolates throughout the 
whole high density domains. Direct optical imaging of this process shows the edges of 
compact hexagonal cluster wrinkle and fluctuate as the cluster opens, suggesting a 
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blooming-like deployment (9) from six-coordinated structures to open networks. 
Interestingly, if we follow the evolution of the focal cluster size, defined as the number of 
particles that are connected in a contiguous cluster by bonds, we see a sudden fall after a 
relatively long period of fluctuation. The blossoming events concentrate within a short 
time rather than spreading over the whole experimental time range.   To probe the 
associated bonding pattern changes, we define an orientational order parameter s as in the 
nematic liquid crystal (7), which describes the degree of order relative to its perfect 
hexagonal form. Its fluctuation reaches to maximum at the same time focal blossoming 
processes occur; the translational and orientational evolutions coincide, as the system is 
steered towards the more stable phase. 
 
6.4 Conclusions 
By investigating the reconfigurable self-assembly of triblock spheres, we access 
experimental the co-existence and transformation of two crystalline phases for one simple 
kind of building block. This extends the knowledge from molecular crystals and builds up 
a conceptual framework for processing and engineering of future materials of patchy 
colloids.   
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6.6 Figures 
 
 
 
Figure 6.1 
Crystalline polymorphs of self-assembled triblock spheres. (a) Scanning Electron 
Microscope (SEM) image of the as-synthesized silica triblock spheres. Scale bar is 1 μm. 
(b) Schematics of the self-assembly. In the tilt sample chamber (θ = 4°), the lateral 
component f of gravitational force upon the colloids in water condenses them into a 
compact monolayer. The addition of salt NaCl (final concentration 1.2 mM) shortens the 
screening length and allows short-ranged hydrophobic attraction to play. When f is 
released by laying the chamber horizontal, closely packed structures would reconfigure 
into a porous network. (c) & (d) Microscopic images and schematics of hexagonal and 
kagome polymorphs.    
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Figure 6.2 
 Lattice mismatch between the high-density and low-density domains. (a) Microscopic 
image of the interface between the domains. Frustrated particles at the interfacial row are 
highlighted by red circles. (b) Geometric demonstration of the lattice mismatch: the 
extensions of both bond patterns (blue lines for kagome, yellow lines for hexagonal) 
conflict at the certain sites where the contacts (red crosses) can not be attractive.    
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Figure 6.3  
Packing density profiles during the dynamic transformation. Left: population of particles 
along the lateral direction (x, as shown on the right panel) at different times upon the 
release of the pressure. Right: Representative microscopic images of the colloids at 
different stages. 
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Figure 6.4 
 Dynamic reconstruction of the self-assembled structure. (a)-(e): Microscopic images of 
the focal compact cluster of interest, whose area is highlighted by gray dotted line. (f): 
The evolution of compact cluster size (black squares) and its orientational order (blue 
circles), defined as 
23cos 1
2
s
 
  , where θ is the preferred orientation of the crystal 
piece.   
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CHAPTER 7 
FROM PATCHY PARTICLES TO OPEN LATTICES:  
A SIMPLE THEORY 
The contents of this chapter are based on a manuscript in preparation by Xiaoming Mao, 
Qian Chen, Steve Granick (2012). 
 
7.1 Background 
Engineering of colloidal open lattices has been an intriguing challenge for materials 
scientists because of their predicted applications as photonics, catalyst and porous 
medium (14) and their, paradoxically, inherent instability in the material form upon 
stress anticipated from their architecture (510). Here we develop a simple theory based 
upon equilibrium statistical physics and modified lattice dynamics to explain and predict 
how patchy colloids can overcome the instability and self-assemble into a stable open 
lattice
1
.  Our theory is supported by experimental measurements of lattice vibrations, and 
reveals the key role played by entropy in the stabilization and selection of open lattices: 
rotational entropy of particles poses preference on bond-angles and provides mechanical 
stability, whereas vibrational entropy selects open rather than close-packed lattices.  
Surprisingly, we found that this selection effect of open lattices can be enhanced by 
increasing the size of the attractive patches.  We derive a phase diagram characterizing 
this effect, as well as explaining previous observations from simulations (11). Our theory 
provides guidance for generic target patchy colloidal assemblies.    
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7.2 Results and discussions 
For open lattices formed by isotropic particles interacting via pairwise nearest-
neighbor central-force potentials, there is no potential energy penalty for bond-angle 
changes, and this can lead to zero-energy lattice distortions (floppy modes) or even 
collapse into a compact lattice
9
 (see the example of a two dimensional kagome lattice in 
Fig. 7.1a). This instability can be characterized by J. C. Maxwell’s simple counting 
argument: one central force bond acts as one constraint against zero-energy distortions, 
and thus periodic lattices formed by such particles exhibit mechanical stability only if 
their mean coordination number   is above the “isostatic” value of    where   is the 
spatial dimension. (5, 12) Most open lattices have insufficient coordination numbers 
regarding this counting and thus have floppy modes. Based on the understanding of the 
energetics of the problem, theorists have proposed a variety of interaction forms (1316) 
with additional constraints to lift the energy of these floppy modes, out of which colloids 
with strongly attractive “glue” points on the surface being the most obvious but still 
resembling others for being so far experimentally inaccessible. Our puzzle is to explain 
our recent experiment of a stable kagome lattice wherein energy is not the answer (1). 
The composing triblock colloids have “degenerate patches”---extended attractive 
domains on the poles---whose mutual attraction (1) is of a simple short range nature in 
contrast to the more complicated potentials theorists proposed. Due to the excessive size 
of the degenerate patches on these particles, bond-angle changes within the allowed range 
do not directly lead to increase in potential energy.  Thus, based on Maxwell’s counting 
argument, given     , there exist multiple candidate structures for such colloids as 
shown in Fig. 7.1b, c, all of them being energetic ground states.  
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The first clue to the puzzle lies in the fact that the colloids as well as the final lattice 
they assemble into are in water and subject to thermal fluctuations. Unlike the 
aforementioned zero-temperature models, the practical system sits at a finite temperature 
and entropic effects can be important in phase selection. We quantitatively evaluate these 
effects by formulating a new version of lattice dynamics for patchy colloids and compare 
it with self-assembly experiments and simulations. This analytical theory is based on 
equilibrium statistical physics, since in the relevant colloidal experiments for the self-
assembly of open lattices the particle attraction is shallow enough and the particle 
concentration is low enough so that the system is allowed to relax from possible 
kinetically arrested states and self-correcting into the thermodynamically stable structures 
(1). This method provides understanding to our experiment on a planar open lattice, with 
formalism easily extendable to more complicated systems such as three dimensional open 
lattices. 
Individual patchy colloids wobble around lattice sites, much like their central force 
counterparts do, but now with distinguishable microstates at different orientations. We 
found that the rotational entropy of a particle, determined by the number of allowed 
orientational microstates, is a function of how particles are connected, namely the bond-
angles of the particle, and maximized when the bond-angles follow the geometry of the 
patches such that most orientational microstates are allowed. In this way the kagome 
lattice enjoys more rotational entropy than other candidate structures of varied bond 
geometry (see Fig. 7.2 a, b). The analytic theory we used to get this result is based upon 
the generic form of partition function   of the lattice applicable to any patchy particle 
system, 
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  ∫      ⃗         ∏      
 
 
where    and    denote the position and orientation of particle  .  We found that for the 
calculation of the free energies of periodic lattices, the orientational degrees of freedom 
   of different particles can be decoupled and then integrated out (see Methods) as long 
as two assumptions are satisfied: (i) the Hamiltonian only include interactions between 
nearest neighbors in the lattice, and these nearest neighbor bonds are modeled as 
permanent such that we are excluding fluctuations that would cause a large (on the order 
of 10    
 
) (1) energetic penalty of breaking a bond, and (ii) the strength of attraction 
dies off sharply at the boundaries of patches, such that rotational fluctuation is limited by 
patch size (11, 18).  
We arrive at an effective Hamiltonian as a function of particle positions only, with 
particle orientational degrees of freedom integrated out contributing an entropic term.  
This effective Hamiltonian constrains both bond-length (energetically) and bond-angle 
(entropically) fluctuations, and is thus mechanically stable.  From this effective 
Hamiltonian we can characterize lattice vibrations which can be observed experimentally 
using particle-tracking techniques. Generally, free energy as well as lattice vibrations of 
the system can be calculated numerically for arbitrary interaction potentials.  In order to 
reveal the fundamental relations between the basic variables of the system, we adopt 
harmonic approximation and investigate the mode structure of the open lattices 
analytically via lattice dynamics.  The dynamical matrix D of the lattice is then simply 
characterized by two parameters, a spring constant   describing the central force-
potentials between nearest neighbors, and a bond-bending rigidity   (
 
 
)        
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      resulting from approximating the rotational entropy by a quadratic form (See 
Methods).  The central force potentials between patchy particles are characterized by the 
short-range hydrophobic attractions and hard-sphere repulsions, and actually can be 
highly anharmonic in nature (1).  Nevertheless, we can start with a harmonic theory and 
the anharmonicity in the potential can be regarded as renormalization to the mode 
structure as we discuss in more detail later on, and show that this anharmonicity does not 
qualitatively change our conclusions.  This dynamical matrix directly predicts the 
correlation functions of the particle vibrations, which we measure via single particle-
tracking techniques.  By fitting experimental correlation functions to theoretical 
predictions we obtain values of   and  .  This method (1820) relies only on zero-
frequency correlation functions and is not affected by damping. 
The comparison between theoretical prediction and experimental measurement of the 
mode structure proceeds as follows.  The effective Hamiltonian, which is obtained by 
first integrating out the orientational degrees of freedom and then taking harmonic 
approximation, takes the form 
   
 
 
∑ (| ⃗    ⃗  |   )
 
 
 
 
∑      
 
       
 
 
 
∑  ⃗        ⃗          
where in the second line we write it into the form of the dynamical matrix  , with   
labeling the unit cells.  There are 3 particles in each unit cell and thus    is a 6-
dimensional vector denoting the vibrations of the 3 particles in two dimensions.  The 
mode structure, which depicts the square root of the eigenvalues of   in momentum 
space is shown in Fig. 7.2 c.  Without the rotational entropy contributions (   ), there 
is a branch of phonon modes that exhibit zero frequency between the   and  point in 
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the first Brillion zone, and they correspond to floppy modes of the central-force only 
kagome lattice shown in Fig. 7.1.  In contrast, for    , these floppy modes are lifted to 
finite frequency, indicating that the rotational entropy makes the lattice mechanically 
stable.  The lifted floppy modes hybridize with the transverse phonons, and thus the 
lowest branch of modes in the     mode structure in Fig. 7.3 c is linear combinations 
of the floppy mode and the transverse phonon
0
.  On the experimental side, correlations of 
the positional fluctuations of the particles can be obtained from the tracking data, and 
these correlation functions are related to the dynamical matrix by 〈     〉          
     
(6).  We then obtain values of the parameters   and   by fitting to the experimental data 
via this equation in momentum space.  Limited by the resolution of tracking in our 
experiment, 0.05   , only data reasonably below 20      in the mode structure plot can 
be trusted.  This led us to choose the lowest branch of mode between the   and  points 
to fit our parameters (see Fig. 7.2 c).  From this fitting we obtain         
          
  ,             .  It is worth pointing out that due to the 
anharmonicity of the central force interactions, this   value describes the renormalized 
spring constant at low frequency, which correspond to large fluctuations.  Renormalized 
  values at higher frequencies are expected to be smaller.  The   value, on the other hand, 
does not have strong frequency dependence.  The fitted   value correspond to an 
effective patch size      (
 
 
)                     which is satisfyingly larger 
than  
 
 
, the geometrical lower limit of the patch size, and reasonably smaller than the 
patch size 65° measured by SEM  (1). The difference between the calculated value      
and the SEM measured value may arise from the rough patch boundary or softness in the 
orientational dependence of patch-patch attraction. The agreement on the mode structure 
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between our theory and experiment validates the characterization of patchy colloid lattice 
thermal fluctuations using our theory based on lattice dynamics, as well as the 
stabilization mechanism from rotational entropy. 
The puzzle remains why kagome lattice is selected over a hexagonal lattice 
despite identical rotational entropy. The answer follows naturally in the formalism we 
devised above. The effective Hamiltonian describes states with given particle positions 
while particle-orientational fluctuations are allowed.  To compare the free energy of 
different lattice structures, we need to allow particle positional fluctuations too, which 
contribute vibrational entropy to the total free energy, and is strongly affected by the 
bond connectivity and lattice structure. Based upon our model, the generic form of elastic 
free energy per particle   follows 
    
   
 
    
   
  
           (7)  
where   is the total number of particles and   is a constant (see Methods). Two results 
immediately follow from this equation.  Firstly, lattices with particle motions more 
strongly confined have lower vibrational entropy, and thus higher free energy   per 
particle.  In the examples of the kagome and hexagonal lattices we consider, as shown in 
Fig. 7.3 a, each particle in the hexagonal lattice have, in additional to the same 
interactions of a particle in the kagome lattice, two central force bonds for the contacts in 
their non-attractive middle bands, which we characterize by harmonic potentials of spring 
constant   .  Thus it exhibits higher free energy than the kagome lattice, as we show 
quantitatively in Fig. 7.3 b.  Secondly, a simple analytical derivation shows that the free 
energy differences between the different structures assembled by the same particles 
depend on the ratios between the interactions, such as      and     , instead of the 
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absolute values of these parameters.  We calculate the free energy per particle differences 
between the hexagonal and the kagome lattices as functions of     at 3 different values 
of   , as shown in Fig. 7.3 b. The kagome lattice always has lower free energy per 
particle than the hexagonal lattice as we expect. The free energy difference per particle 
decreases though, as the ratio      increases, or the ratio      decreases.  Since the free 
energy difference does not depend on the ratio      very strongly, in the following 
discussion we shall adopt the value      for convenience. The point at which this 
difference is on the scale of     determines a characteristic patch size    
 
 
 √
   
 
 
   , beyond which the kagome lattice wins over the hexagonal lattice by a significant 
amount of free energy and is more likely to be selected. Thus our theory reveals that the 
degenerate valency can actually enhance the selection of open lattices over close packed 
lattices.  Particles with wide patches, although exhibit lower rigidity against the change of 
bond angles, can enjoy lower free energy and more likely to be selected over compact 
lattices regarding vibrational entropy.  Interestingly, this selection is a very nontrivial task 
and can not be easily achieved using the “glue” points design.  Both our predicted patch 
size       and measured patch size are larger than   , meaning our experimental system 
does fall into a regime where kagome lattice is favored over hexagonal lattice by more 
significant vibrational entropy.  
Taken together, rotational and vibrational entropies combined satisfyingly to stabilize 
kagome lattice with the given internal parameters      , yet a physical world can have 
pressure (1), which the formulism can easily incorporate by altering the equilibrium 
ensemble (1). On the experimental side, we enforce the lateral pressure by employing 
heavier silica triblock particles than the previously used polystyrene colloids
1
. These 
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silica particles, when placed in a tilt chamber, are dragged towards the lower wall through 
significant gravitational force, thereby collapsing the kagome lattice formed at zero 
pressure into a closely packed hexagonal lattice (see Fig. 7.3 c). Accordingly, we adapted 
our theory to characterize the competition between pressure which favors the more 
compact hexagonal lattice and entropy which favors the kagome lattice.   
Based on our calculation of the free energy difference, we arrive at the phase diagram 
as shown in Fig. 7.3 d. The phase boundary, determined by the equal free energy line of 
the two lattices, has a non-zero intercept    at the pressure axis, indicating that at small 
pressures      the kagome lattice is still stable regardless of  . The transition line has 
a positive slope because smaller   gives rise to larger    , thus weaker entropy 
stabilization and thus a smaller   can overcome the effect.  In retrospect, the presence of 
excessive patches in the experiment, considered as limited by laboratory fabrication, now 
in fact provides a stronger selection effect for the more open kagome lattice over the 
hexagonal one. In the p-T plane, the phase boundary for given patch size is then simply a 
linear line         with a patch-size dependent slope     .  This agrees nicely with a 
previous simulation (1).  The overall relative stability dependence on patch size can be 
qualitatively understood with a thermodynamic reasoning. At finite pressure, the 
difference in the Gibbs free energy per particle of the hexagonal and the kagome lattices 
is                           . The two lattices are iso-energetic, so 
     . Therefore, the phase boundary at      is then simply given by the equation 
  
  
  
  . The volume difference    is a constant (ignoring the small changes of volume 
for the given lattices as we change pressure), so the slope of the p-T phase boundary is 
only controlled by   .  For different patch sizes,    should be different because patch 
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size affects thermal fluctuations of the lattices, and it is reasonable that particles with 
larger patches have a more flexible structure and enjoys more entropy, and thus 
correspond to a greater slope in the p-T phase boundary. 
 
7.3 Conclusions 
In this Letter we presented a simple theory explaining how open lattices can form 
from patchy particles via the stabilization and selection effects of the rotational and 
vibrational entropies, and we show the agreement between our theory and experimental 
measurements of lattice vibrations.  By applying this theory to more self-assembly 
problems, we expect to provide guidelines towards simplified designs of building blocks 
by harnessing the entropic ordering effects, and open doors to more varieties of open 
lattices. For a more realistic description of the experiments, our model can be improved 
by including more a detailed inter-particle interaction potential (which may invalidate the 
complete decoupling between the rotations of different particles as well as making the 
lattice dynamics anharmonic as we discussed above), but the current theoretical 
construction serves our purpose of qualitatively understanding entropic effects in open-
lattice self-assembly. These improvements call for a better characterization of the 
interaction potential between patchy particles, as well as more detailed numerical studies.  
 
7.4 Materials and methods 
The experimental data used to track the positional vibrations of kagome lattice is 
obtained from an experiment reported earlier (1). The optical images show both the 
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hexagonal and kagome lattice (Fig. 7.3 c) are however, from an independent we 
performed for this work. We employed silica triblock colloids fabricated according to a 
previous publication (23). In short, 2 μm silica particles (Tokuyama) are made into 
triblock spheres with each pole accommodating two attractive bonds by first depositing 
both sides with 2 nm Ti and 25 nm Au, and then etch for 90 sec for the given Au etching 
solution23. The Au patches were rendered hydrophobically attractive by modifying the 
surface with n-octadecanethiol (Sigma-Aldrich). These particles are much heavier than 
latex particles, and thus can be pressed laterally by gravitational force while maintaining 
a two-dimensional lattice.  
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7.6 Figures 
 
 
Figure 7.1  
Ground state structures for open lattices from homogeneous colloids, and triblock 
Janus colloids. (a) Examples of floppy modes modes of a kagome lattice (left) 
composed of central force colloidal particles (gray spheres). The yellow triangles can 
rotate while maintaining the connections as show in the infinitesimal modes (the 
middle) and the finite mode (the right). (b)&(c) examples of possible iso-energetic 
structures formed by triblock Janus particles (blue color as the hydrophobic patches). 
Only structures that maintain all the attractive bonds are considered (b top), including 
twisted kagome lattice with altered bond-angles (b bottom middle), roman mosaic 
lattices with different bonding architecture (b bottom right), and hexagonal lattice 
with different coordination number (c). 
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Figure 7.2  
The stabilization of a kagome lattice from rotational entropy. (a) Definitions of the half-
opening angle   of the patch, bond angles   and   . Orange triangles denote the bonds 
and black dashed lines denote the boundary of the attractive patch. (b) Rotational entropy 
of a particle as a function of bond angle differences at three different patch sizes,  
     (brown line),    (blue line), and    (red line).   and    are the rotational 
entropy for         and      respectively. (c) Mode structures of the kagome 
lattice with only central forces between nearest neighbors (left, describing isotropic 
particles) and with both central forces and angle-bending rigidity (right, describing 
patchy particles). The small squares represent the lowest branch of modes obtained from 
correlation functions measured in experiments (other branches have frequencies beyond 
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(Fig. 7.2 continued) the experimental precision and are thus not shown), and the color 
represent the overlap of the corresponding eigenmode   with the floppy mode    as 
depicted in Fig. 7.1. Red is for 100% overlap and blue non-overlaped. The curves 
represent the frequency of the modes in the harmonic approximation, using   and   
obtained by fitting the lowest branch of modes as shown here. 
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Figure 7.3  
The selection of kagome lattice over hexagonal lattice (a) Interactions for both lattices in 
the harmonic lattice dynamics model. In the kagome lattice, each particle exhibits 2 
central force potentials and 1 effective bond-bending potential coming from entropy. In 
the hexagonal lattice, each particle exhibits 3 central force potentials and 1 bond-bending 
potential. Thus the triangular lattice poses more confinement on the positional 
fluctuations of the composing particles, and has a higher free energy, as shown in (b). (b) 
The free energy per particle difference between the hexagonal and the kagome lattices as 
a function of the ratio   ⁄ . The three curves from bottom to top correspond to the three 
cases with    ⁄          . They show similar behaviors, whereas as    ⁄  increases 
the free energy difference increases too. (c) Bright field optical microscopic images of 
experimentally formed kagome lattice (left), and hexagonal lattice (right). The black parts 
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(Fig. 7.3 continued) are the patches rendered hydrophobic. (d) Phase diagram at finite 
pressure. The phase boundary is calculated using the experimentally extracted values of 
            
   and    ⁄   . The validity of this phase diagram is up to certain 
melting temperature, which is beyond the scope of this paper. 
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CHAPTER 8  
STAGED SELF-ASSEMBLY OF COLLOIDAL 
METASTRUCTURES 
The contents of this chapter are based on a manuscript in preparation by Qian Chen, 
Sung Chul Bae, Steve Granick (2012). 
 
8.1 Abstract 
We demonstrate sequential assembly of chemically patchy colloids such that their 
valence differs from stage to stage.  A first stage produces metastructures that can be 
stored and subsequently activated for later, higher-order assembly (“staged self-
assembly”). In these experiments we employ ACB triblock colloidal spheres with the C 
middle band electrostatically repulsive.  In the first stage only A-A attraction at one pole 
is active, but B-B attraction at the other pole is activated for the second stage.  
Consequently, the building block during the second assembly stage is the metastructure 
from the first stage, not the elementary spheres that began the process.  The growth 
dynamics, observed at a single particle level by fluorescence optical microscope, obey 
step-wise polymerization kinetics, but at the micrometer scale. In the system studied here, 
this creates chains, pores, networks and even the shapes of letters. This staged assembly 
strategy offers a promising route to fabricate colloidal assemblies bearing multiple levels 
of structural and functional complexity. 
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8.2 Background 
The design of self-assembled order at multiple length scales is an intriguing challenge 
towards the grand goal of fabricating novel solid structures and even devices. Here, we 
are interested in colloidal-sized spheres – larger than molecules, but small enough to 
sustain Brownian motion.  The majority of self-assembly strategies currently involve a 
single stage, wherein the particle-particle interaction energies are given from the start 
(14). In this approach, all information needed to direct assembly must be encoded into 
the building blocks from the beginning. As an example of how this limits possibilities, 
consider a hypothetical design goal:  a porous colloidal sheet with two levels of 
complexity (see Fig. 8.1) (5) whose hierarchical porous structure, if it could be 
assembled, might serve as catalyst support, photonic crystal, or substrate for specific 
host-guest interactions (4, ). In a single-stage assembly scheme, one would require 
octahedral building blocks with attraction sites located precisely at each of the six 
protruding ends (see Fig. 8.1). To form these complicated colloids would pose a 
formidable synthetic challenge (8). In contrast, if one decomposes the assembly into two 
stages, one can employ, as the primary building block, triblock colloidal spheres which 
are simple to synthesize (4, ) (Fig. 8.1). This strategy, though widely used in the 
organization of biological molecules, synthetic polymers (11), DNA architectures (12), 
and nanocrystals (13), is still just beginning to take its shape in the regime of patchy 
colloids (1415). 
 
8.3 Results and discussions 
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The needed asymmetric triblock spheres with patches A and B at the two poles, 
and a repulsive middle C, can be fabricated in high fidelity and monodispersity following 
a method developed recently in this lab (4, 1617). We select negatively charged 
polystyrene particles as the parent particles because their density allows the formation of 
three dimensional small clusters without prohibitive sedimentation (18). We refer to an 
attractive contact as a “bond.” We design patches A and patch B as both of them 
hydrophobically attractive, but with different patch sizes (see Fig. 8.2 a). This difference 
enables the sequential activation of the bonds.  
Our experimental handle to achieve staged assembly is ionic strength, to which 
the two patches respond distinctively. The total pairwise interaction between adjacent 
ACB colloids, the sum of hydrophobic attraction and electrostatic repulsion, ranges from 
repulsive to attractive depending on their mutual orientation. We conceptualize this 
dependence in the form of an effective patch size  eff, defined as the crossover orientation 
at which the total pairwise potential is zero.  Calculation quantifies that A-A bonds 
possess a significant  eff value at lower ionic strength window than B-B (see Fig. 8.2 b, 
Fig. 8.3 and discussions in Methods and materials). This indicates that one can first 
activate solely A-A bonds, then subsequently increase ionic strength to attach dangling B 
sites for secondary assembly.  
Our experiment validates this idea.  At the first stage where I= 1.2 mM (NaCl), 
triblock spheres form small three-dimensional clusters (“metastructures”) (19), the same 
structures formed by AC Janus spheres with one sole type of attractive bond (18). These 
clusters are stable with a cluster size distribution peaked at tetrahedral shapes (see Fig. 
8.4).  When B-B bonds are triggered later, clusters recognize each other and form a 
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family of unprecedented porous networks (see Figs 8.5 and 8.6). The novel point is the 
obvious structural, and potentially functional hierarchy: now present at each site of the 
pore are intact, individual small clusters, instead of the primary triblock spheres. In other 
words, we have staged assembly where the products of the first stage serve as the 
secondary building blocks for the second stage.  
The preference for certain secondary bond angles is striking.  This is because each 
cluster can be conceived as a larger patchy particle decorated with multiple attraction 
sites, the dangling B patches, at the protruding ends. Therefore, the subsequent bonding 
geometry of this “patchy particle” depends on its geometrical shape.      
   We have analyzed the fluorescent images of a statistically significant collection of the 
final assemblies, and have identified and quantified the relative abundance of various 
connection schemes (Table 8.1). In spite of differences in the metastructure cluster 
shapes, whose relative abundance we cannot yet control, their connection motifs boil 
down to four categories:  straight lines, curves, triangles and squares. Entropy arguments 
presented in the next paragraph can probably explain their relative stability, but no 
quantitative explanation of this is offered at this time.  Here we emphasize that the 
bonding geometry falls into a small number of precise, highly defined shapes.   
Now that we view the small clusters as structural units with multiple attraction 
sites, each allowing only one bond, and designated connection schemes, we can describe 
their assembly in a simpler language. The bonding force, although it resides in distinct 
locations distributed over the surface of the metastructure units, originates in hydrophobic 
attraction, which is not directional (4, 18). Assembly is determined by the coordinated 
effects of collision frequency and orientation matching. This physical situation resembles 
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the classical step-growth polymerization mechanism (20) - no external initiator is needed 
to start the reaction and the reaction rates are the same at every growth step (see Fig. 8.7). 
To make this quantitative for the system studied here, notice that the total number of 
small clusters does not change, which means it is a closed system. Second, we observe 
rapid loss of free clusters, the analogue of polymerization “monomers,” at the initial stage. 
Third, we observe the number-average degree of polymerization to grow linearly with 
time. Fourth, for the final product, the distribution of x-mers decreases exponentially with 
(x-1). Pointing towards the generality of this physical process, notice that similar growth 
laws were observed recently for nanoparticle assembly (21). All of these are known 
features of textbook step-growth polymerization of small molecules.  It seems that 
quantitative predictions regarding a broad class of related systems should be possible, so 
long as the assumptions are satisfied. 
 
8.4 Conclusions 
     Another benefit of staged assembly is its ability to bias kinetic pathway by 
controlling intermediate structures at different steps, so as to avoid unwanted polymorphs 
that usually coexist with a complicated structure. For example, using the same ACB 
building blocks, we also did control experiments where we increased ionic strength to the 
final value in a single shot. Colloidal assemblies formed but their structures, which 
included A-B bonds, were messy.  Consequently the metastructure clusters were more 
polydisperse and the final structures were less clean in geometrical shape.  We do realize 
a limitation of our current design of using A-A and B-B bonds, as A-B bonds can emerge 
as a side reaction during the second assembly stage. Perhaps truly orthogonal attraction 
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types such as biological recognition (1) can be incorporated later to exclude that side 
reaction, the challenging aspect being how to introduce orthogonal attractions onto the 
surface of the same colloidal particle. Towards even more highly ordered three 
dimensional hierarchical networks, one can try to find ways to stabilize and fractionate 
distinct secondary building blocks. The current step-growth polymerization, while 
exhibiting surprising simplicity, carries a distribution of product sizes. If in the future a 
different “polymerization” mechanism, say, living polymerization (22), can be devised 
to link metastructures, one can potentially harvest supracolloidal assemblies of uniform 
size.   Note also that while it is true that data in this paper are limited to staged self-
assembly controlled by stepwise change of ionic strength, this strategy can be generalized 
to other triggers, such as pH, temperature, and chemical reactions. 
8.5 Materials and methods 
Experimental section 
Particle monolayer 
A close-packed monolayer of 1 m fluorescent sulfated latex particles (F-8851, 
Invitrogen Inc.) is fabricated on a silicon wafer substrate using a reported method (4). We 
find this type of monolayer can ensure high transfer efficiency in the later “stamping” 
step.  
ACB triblock colloids 
The ACB triblock colloids are made following another earlier report
 
(10). In short, first 
the particle monolayer was coated with 2 nm of titanium, and 15 nm of gold, using a 
Temescal e-beam evaporation system.  Particles were then lifted from the substrate with a 
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PDMS stamp. The stamp was then peeled off and used as the substrate for a second 
identical round of titanium and gold deposition.  At this point both hemispheres of the 
particles have been coated, with thicker caps near the poles that gradually thin from the 
pole to the equator. We then used a chemical gold etching solution to etch away the gold 
patches to reveal the middle, negatively charged C band. For the ACB triblock spheres 
we made, we use 70 seconds of etching time (the same etching solution as in ref 10) to 
produce an A patch with 62° and a B patch with 45° opening angle. This asymmetric 
patch decoration is due to the protection of B patch from the PDMS stamp in contact.
  
Finally, n-octadecanethiol (Sigma-Aldrich) was allowed to deposit on the particles, still 
sitting on the PDMS stamp after the etch step, from its 2 mM ethanol solution. After 2 
hours, particles were rinsed with 2% HCl ethanol solution, and harvested by 
ultrasonication in deionized water.  
Optical imaging 
Optical micrographs shown in Figs 8.5 and 8.7 were observed by epifluorescence 
microscopy (63× air objective with a 1.6× post magnification, N. A. = 0.75). Images were 
captured by a ProEM electron multiplying charge coupled device (EMCCD) camera from 
Princeton Instruments. 
Confocal laser scanning microscopy measurements as shown in Fig. 8.4 were performed 
by using a Zeiss LSM LIVE7 system with 100x oil-immersion objective lens 
and 488 nm excitation 
Calculation of effective patch size 
Charge decoration of the spheres  
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A bare polystyrene sphere is modeled numerically with 8192 fixed and evenly distributed 
charged “nanoparticles” over its whole surface area. On the basis of specifications 
provided by the manufacturer, the surface charge density σ is 2.8 μC/cm2. Accordingly, 
each nanoparticle (NP) has a charge 
24
8192
r
q
 
 , q = 67.1 e. (electron volt).  The 
“triblock” characteristic of the particle is introduced by decreasing the NP charges falling 
within the patch area to 0.1% of their original value.  
The pair-wise interaction potential 
The electrostatic potential between two triblock spheres at a fixed separation of 1.5 nm is 
calculated by summing pairwise NP-NP pair interactions, with the assumption that 
neighboring NPs are not interfered or correlated (see reference Hong, L; Cacciuto, A.; 
Luijten, E; Granick, S. Nano Lett. 2006, 6, 2510). NPs on two colloids interact via a 
screened Coulomb form (Yukawa potential): 
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where B is the  Bjerrum length, 0.7 nm in water, EV is expressed in the unit of Bk T , and
( )ijD  is the distance between NP pair of interest. Here, θ is the simultaneous in-plane tilt 
angle of the neighboring particles when A-A, A-B, or B-B patches on the two spheres 
initially share the same polar axis (Fig. 8.3). Then the total pairwise potential is 
,
( , )E E
i j
V V i j . 
The effective patch size 
The orientation θ at which the repulsion can be fully offset by one hydrophobic contact, 
assumed to be 7 Bk T , is defined and calculated as  eff introduced in Fig. 8.2 b. In 
experiments, efforts are made to first exhaust A-A bonding, then to initiate B-B bonding 
at a considerably higher ionic strength with minimal side reaction of A-B bonds. 
Step-growth polymerization 
Here we follow Figure 1 of ref 20 for definitions:  
Nmonomer : the number of small clusters, which is the analogue of monomers; 
x-mer: an assembly structure composed of x monomers, which is an analogue of 
oligomers; 
∑Nx : the total number average of x-mers; 
Fig. 8.7 shows two quantitative illustrations of this mechanism: 
First, number average degree of polymerization grows linearly with time (middle plot on 
the right); this is characteristic of reaction-controlled step-growth polymerization, in 
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which the reactivity of functional groups of the monomers is independent of the chain 
length. 
Second, probability of finding a x-mer: Nx/N=(1-p)p
x-1
, where p is the reaction 
probability. Then we expect a linear relation of ln(Nx/N) versus (x-1): ln(Nx/N)= (x-
1)ln[(1-p)p], which is the bottom graph of Fig. 8.7. 
 
 
 
. 
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8.7 Figures 
 
 
 
Figure 8.1 
Schematic diagrams contrasting 1-stage assembly (top route) and staged assembly 
(bottom route) towards a hypothetical porous network, a “square lattice” wherein an 
octahedron sits at each lattice site. Staged assembly greatly simplifies the required 
building blocks. 
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Figure 8.2 
Schematics of staged self-assembly. (a) ACB triblock spheres (α, half opening angle 
for A patch, is 60°, β for B patch is 40°) can activate A-A bonds first to form small 
clusters, including tetrahedron, pentamer, octahedron, and capped trigonal bipyramid 
(CTBP), and then initiate B-B bonds to grow into hierarchical networks. (b) 
Theoretical calculation (see SI for details) showing the effective patch size of A-A 
bonds (red crosses), B-B bonds (blue crosses), and A-B bonds (gray circles). A-A 
bonds can be turned on in a window of low ionic strength I (red regime), while B-B 
bonds can be activated later at an elevated ionic strength (blue regime). 
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Figure 8.3 
Pairwise electrostatic potential of two triblock spheres in close proximity. (a) and (b): 
two representative bonding schemes showing the axis-joining particle centers 
intersecting the patch centers with A-A bonding (a), where A patch has a half opening 
angle of 60°, and B-B bonding (b), with patch size of 40°.(c) The determination of the 
effective patch size  eff for A-A bonding at different ionic strengths: 0.01 mM (black 
squares), 0.2 mM (blue circles), 1 mM (green triangles), 5 mM (orange triangles).  eff 
is defined as the orientation at which the electrostatic potential V(E) = 7 kBT (the 
black flat line) is fully offset by one hydrophobic contact.  In the graph, these points 
are circled. The eff increases with increasing ionic strength.  
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Figure 8.4 
(a) Scanning electron microscopic (SEM) image of fabricated ACB triblock spheres, 
the brighter coating being gold patches, the darker surface being the negatively 
charged polystyrene surface. Scale bar is 1 μm. The size distribution of the patches  is 
less than 5°. (b) Shape distribution of clusters after equilibration. Compared to that of 
AC Janus particles reported in an earlier study, (18) the distribution shifts to smaller 
clusters, as the A patch size here is smaller than in that study. 
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Figure 8.5 
Fluorescent microscopy images of assemblies formed at I= 5 mM (NaCl). The yellow 
spheres are 1 μm sized ACB triblock spheres. Notice that small metaclusters have 
connected into a family of suprastructures: single cluster chains (a), triangular pores 
(b), right turns (c), “square” lattice with defects (d), and a variety of colloidal letters, 
of which 6 of them are illustrated (e). Schematic diagrams distinguish between bonds 
formed in the first (red) and second (blue) stages of assembly. 
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Figure 8.6 
Typical structures from a collection of final assemblies, based upon which we 
obtained the statistics of connection schemes tallied in Table 1. (a) and (b): 
Fluorescent images of chain-like structures (a) and structures with right angles (b). 
Yellow lines show the bonds formed at the first stage, blues lines at the second stage. 
Structures with neighboring blue lines have A-B bonding at the second stage of 
assembly. (c) Confocal microscopy images of the tessellation of small clusters over 
the whole surface.  To the eye, the networks formed from cluster metastructures are 
evident. 
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Figure 8.7 
Step-growth polymerization from small clusters. (left) A time series of experimental 
fluorescent optical images. Elapsed time in sec is shown in the inset. The size of 
connected islands (x-mers) is highlighted by dotted lines. (right) Quantification of the 
distribution of x-mers at different times, showing the agreement with the step-growth 
polymerization schemes.  In the top graph, blue circles are the total number of 
component small clusters (monomers), green squares the number of free monomers, 
and orange triangles the number-average of x-mers (∑Nx). 
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Table 8.1 
Connection schemes when small clusters link together. The bonds formed at the first 
stage are shown as red lines, the second stage as blue lines.  All the schemes are deduced 
from statistical counting based upon experimental observation of final assemblies. In the 
“occurrence” column, the length of the grey bars shows relative probability.  
 
